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Abstract: Since the discovery of extracorporeal lithotripsy, there has been an increased interest
in studying shock wave-induced cavitation, both to improve this technique and to explore novel
biotechnological applications. As shock waves propagate through fluids, pre-existing microbubbles
undergo expansion and collapse, emitting high-speed microjets. These microjets play a crucial role
in the pulverization of urinary stones during lithotripsy and have been utilized in the delivery of
drugs and genetic materials into cells. Their intensity can be amplified using tandem shock waves,
generated so that the second wave reaches the bubbles, expanded by the first wave, during their
collapse. Nevertheless, there is little information regarding the control of microjet emissions. This
study aimed to demonstrate that specific effects can be obtained by tuning the delay between the
first and second shock waves. Suspensions containing Aspergillus niger, a microscopic fungus that
produces metabolites with high commercial value, were exposed to single-pulse and tandem shock
waves. Morphological changes were analyzed by scanning and transmission electron microscopy.
Proteins released into the medium after shock wave exposure were also studied. Our findings suggest
that, with enhanced control over cavitation, the detachment of proteins using conventional methods
could be significantly optimized in future studies.

Keywords: acoustic cavitation; microjets; tandem shock waves; biotechnological applications; Aspergillus
niger; morphological changes; cell permeabilization; genetic transformation; cell surface shaving; protein
detachment

1. Introduction

Acoustic cavitation, initially studied in the early 20th century due to its role in liquid-
impact erosion [1], also made a significant breakthrough in medicine in the 1980s with
the advent of extracorporeal shock wave lithotripsy (SWL) [2,3]. For over 40 years, SWL
has been successfully used for the non-invasive disintegration of urinary stones. Shock
waves are generated outside the body in water and focused on the stone, leading to
its pulverization after several hundred shock fronts. The theory of underwater shock
wave-induced cavitation for medical and biotechnological applications is well-established.
Research on this topic has been extensively conducted and documented by several authors
since the early 1980s [4–10].
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Cavitation plays a critical role in SWL [11–13]. When a shock front reaches a urinary
stone and the surrounding fluid, pre-existing microbubbles undergo a forced collapse,
followed by a rapid rebound that causes them to grow to volumes much larger than the
initial ones. Within hundreds of microseconds, each bubble suffers an asymmetric inertial
collapse, partly invaginating and generating a high-speed microjet of liquid, which pierces
through the bubble and exits it at the opposite side. According to studies published by
Philipp and colleagues [4], the speed of the microjets exceeds 700 m/s. Despite their
limited range, microjets emitted by bubbles near the stone significantly contribute to its
pulverization. The phenomenon is similar to the erosion experienced by propeller blades
or turbines in liquids. The impact between the microjet and the collapsing bubble’s wall is
so intense that a secondary shock wave is generated, which can contribute to the observed
effects and interact with neighboring bubbles.

During bubble collapse, the local energy density increases enormously. This can
generate extremely high temperatures as well as free radicals capable of inactivating
enzymes and causing cellular apoptosis [8]. Because the temperature increases are highly
localized, they virtually do not contribute to a rise in temperature within the vial.

The two most popular equations for studying the dynamics of bubbles exposed to
shock waves of the type mentioned here are the Rayleigh–Plesset equation and the Gilmore
equation [9]. An advantage of the Gilmore equation is that it accounts for the compressibility
of the fluid, which proves useful for describing inertial collapses.

From the late 20th century to the beginning of the current one, significant efforts
were made to enhance the efficiency of extracorporeal lithotripters by adjusting the power
of microjets, aiming to shorten treatment times and minimize tissue damage [14–16]. A
notable innovation in this field is the tandem system [17], which basically involves emitting
pairs of successive shock fronts, at a controlled, adjustable delay ranging from 50 to 950 µs.
Each emitted pair, known as an “event”, can be repeated at frequencies adjustable from
1/3 to 3 Hz, depending on the application.

In the past, we used different pressure profiles with the aim of controlling bubble
collapse and microjet formation [17–19] and hypothesized that enhancing bubble collapse
and microjet emission is possible when the second shock front in each event arrives during
the inertial collapse of the bubbles generated by the first shock wave. This has been
demonstrated in both in vitro [17,18] and in vivo [18,19] studies. Cavitation, being a multi-
bubble phenomenon with uncontrollable variables like the number, size, and distribution of
pre-existing microbubbles, makes it challenging to determine an optimal delay applicable
to all treatments. Nevertheless, delays between 250 and 350 µs have been shown to improve
stone-phantom fragmentation efficiency, supporting the described hypothesis.

The knowledge that the diameter of a microjet emitted during shock wave-induced
bubble collapse is approximately one-tenth of the bubble´s diameter [20–22] suggests the
possibility of using tandem shock waves to selectively favor the formation of microjets of a
specific diameter. These high-energy, short-range microjets may function like microscopic
syringes [20], injecting liquid into nearby cells.

The phenomenon has been successfully utilized in biotechnology for the genetic
transformation of bacteria and fungi [23,24], as well as for extracting phenolic acids and
flavonoids from plants [25]. Bacteria and fungi were subjected to shock waves in a vial
containing an aqueous solution and the transformant. The shock wave-induced fluid
microjets temporally increased cell membrane permeability, facilitating the internalization
of DNA into the cells. For phytochemical extraction, plant samples in powdered form
were placed in a vial with water or ethanol as a solvent and exposed to shock waves. The
resulting microjets broke down the plant particles, releasing their contents.

The complexity of the described processes arises from the multitude of variables
involved. To date, there are no precise methods for controlling microjet emissions.
Thus, it is not surprising that, despite careful estimation of the parameters before an
experiment, in most cases, replicates are necessary to adjust the number of shock waves,
the pressure profile and the delay to continue exploring the biotechnological applications
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of induced cavitation. Moreover, the dynamics of a bubble exposed to the action of a
shock wave in water depend on other factors, such as the content of dissolved gases, the
pressure profile, of the impinging shock wave, the vapor pressure, and the presence of
cavitation nuclei [26]. Determining an optimal delay is further complicated by the large
number of bubbles present in the suspension, all of which are collapsing and interacting
with each other.

In cases related to genetic transformation or the extraction of compounds, it is worth
highlighting the size of the microjet in relation to the target (on a statistical level). Thus,
microjets with a size comparable to the object can disintegrate it, while much smaller
microjets have facilitated the genetic transformation of bacteria and microscopic fungi,
raising the question about the effects that microjets of more extreme sizes could cause.
Some could detach the so-called “ornamentation” of fungal conidia without damaging the
overall structure. This is of interest for the extraction of proteins relevant to biotechnology,
which are in the outer layers.

Following the aforementioned discussion about the possibility of using tandem shock
waves to selectively favor the formation of microjets of a specific diameter, the aim of
this study was to analyze cell wall proteins from A. niger conidia (see next Section) using
single-pulse (SP) shock waves and tandem shock waves with two different delays (SDT:
short-delay tandem and LDT: long-delay tandem), recording the cell wall morphological
changes by scanning electron microscopy (SEM) and transmission electron microscopy
(TEM), and analyzing the proteins released into the medium after shock wave application
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Our findings
suggest that protein detachment can be optimized by selecting an adequate delay between
the first and second shock waves.

2. Materials and Methods
2.1. Biological Subject

In this study, we used the fungus Aspergillus niger as a model microorganism due to
its significant relevance in research and industrial applications [27]. It is a filamentous fun-
gus that has been harnessed, modified, and used in the biotechnological industry for over
a century. Among the principal features of A. niger is its capability to produce primary
and secondary metabolites with high commercial value, such as organic acids, proteins,
and enzymes [28]. In addition, its capacity to perform posttranslational modifications and
its secretory systems make it a valuable microorganism for use as an expression platform
for producing recombinant molecules [29]. A. niger has been called a “cell factory” and
classified as “generally regarded as safe” (GRAS) [30,31]. A recent use of this fungus
is the postfermentation harvesting of cell wall products to obtain polysaccharides such
as chitin and chitosan, which have proven to be useful in medicine, biotechnology, and
agriculture [32]. A. niger, like other fungal species, has specific molecular biosynthesis
needs, such as the conservation of its osmotic balance, its cellular structure, the mor-
phogenesis process, and protection against environmental factors. These requirements
are achieved to a large extent by the cell wall, which undergoes constant and diverse
structural changes [32,33]. The cell wall is characterized by a layered structure composed
of matrix polymer components such as carbohydrates (α-glucans, β-glucans, chitin, and
galactomannan), surface proteins, glycoproteins, hydrophobins, and pigments such as
melanin [34,35]. These components, principally proteins, play an essential role in the
interaction between cells and their environment, participating in crucial processes such
as signal transduction, cell adhesion, cell–cell interactions, molecular transport, and
pathogenicity [35]. The content and composition of the cell wall differ among strains and
depend on environmental factors, such as nutrients, growth culture medium, mycelial
age, and stress [36]. Enhanced entry of plasmids into the cell via shock wave-induced
transient pores has been possible despite the barrier of the cell wall [37].
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2.2. Fungal Growth and Conidia Harvesting

The A. niger CBS 513.88 strain was used. Fungal inoculation was performed in Petri
dishes with minimal medium agar, and the plates were incubated for six days at 30 ◦C. After
that, conidia were collected by adding 5 mL of minimal medium broth over the colony and
lightly scratching the colony to harvest it. Three layers of sterile Miracloth (EMD Millipore,
MA, USA, catalog number 475855) were used as filters for removing conidiophores in the
suspension. Conidia were counted with a Neubauer chamber and adjusted with minimal
medium to a final concentration of 2 × 106 conidia/mL.

2.3. The Shock Wave Generator

Shock waves were produced with a modified Piezolith 2501 shock wave source
(Richard Wolf GmbH, Knittlingen, Germany) consisting of about 3000 piezoelectric ele-
ments mounted on the concave side of a hemispherical aluminum backing (radius 345 mm)
embedded in an insulating polymer (Figure 1). The shock wave source is placed at the
bottom of a 675 × 675 mm Lucite water tank (height 450 mm). To generate a shock wave, a
high-voltage (2–6 kV) discharge is applied to the piezoelectric array. Each element produces
a pressure pulse that propagates through the water toward the center (focus F) of the
system. The superposition of all pulses and nonlinear effects steepen the pressure pulse
into a shock wave as it approaches F. Two independent capacitor charging units are used
to generate tandem shock waves with a delay of 10 to 100 µs (±2 µs) and 100 to 900 µs
(±5 µs) between pulses. The vials to be treated were positioned inside the water tank with
an XYZ positioning system (UniSlide Assemblies Velmex, Inc., Bloomfield, NY, USA). The
error in positioning each sample was approximately ±0.5 mm.
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Figure 1. Sketch of the experimental setup showing a test vial containing conidial suspension centered
at the axis of symmetry of the hemispherical shock wave source inside the water tank. The field of
view of the camera is shown with dotted lines.

2.4. Shock Wave Exposure

Sterile 4 mL transfer pipettes (Thermo Fisher Scientific, Waltham, MA, USA) were
filled with 1.5 mL conidial suspension (see Section 2.2), heat-sealed, and cut 20 mm
above the bulb. For shock wave exposure, each vial was fixed vertically along the axis
of symmetry of the shock wave source so that focus F coincided with the center of
curvature of the bottom of the pipette (Figure 1). Shock waves were generated using
a discharge voltage of 5.5 ± 0.125 kV throughout the whole experiment. The pressure
profile is similar to that of several extracorporeal shock wave lithotripters and shock
wave sources used for biotechnological applications. At this voltage, the peak positive
pressure, recorded with a polyvinylidene difluoride needle hydrophone (Imotec GmbH,
Würselen, Germany), had an amplitude of 73.62 ± 1.44 MPa. The measured full width at
half maximum (FWHM) of the pressure pulse was 194 ± 8 ns. The −6 dB focal volume
had the shape of an ellipsoid with minor and major axes of approximately 2 and 8 mm,
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respectively. Either single-pulse (SP) or tandem shock waves were emitted at a rate
of 0.5 Hz. Due to the similarity in acoustic impedances, the suspension–polyethylene–
suspension interfaces did not significantly modify the pressure profile. The tub was
filled with 24 ◦C tap water up to 80 mm above F. A total of 30 vials were divided into
10 groups to receive either sham- or shock-wave-treatment, as indicated in Table 1. Each
group consisted of three vials; that is, the experiment was repeated three times. In the
tandem mode, an “event” was defined as a pair of shock waves; that is, to equalize the
energy delivered to each sample, the number of tandem “events” was halved compared
to the number of SP shock waves. Two delays (40 and 160 µs) between the first and
second shock waves were used in the tandem mode and defined as the SDT and LDT
modes. As explained in the next section, high-speed imaging of acoustic cavitation was
used as a tool to select these delays.

Table 1. Experimental design.

Group Mode Tandem Events Number
of SWs 1

Control - - 0
1 SP 2 - 50
2 SP - 100
3 SP - 200
4 SDT 3 25 50
5 SDT 50 100
6 SDT 100 200
7 LDT 4 25 50
8 LDT 50 100
9 LDT 100 200

1 Shock waves. 2 Single pulse. 3 Short-delay tandem (delay = 40 µs). 4 Long-delay tandem (delay = 160 µs).

2.5. High-Speed Imaging

Images of the bubble dynamics were captured with a high-speed MotionPro X4
(Integrated Design Tools, Inc., Pasadena, CA, USA) camera equipped with a Mamiya/Sekor
sx 1:1.4, f = 55 mm lens (made in Japan) in the SP mode and both tandem modes at a speed
of 5 × 104 frames per second (fps). At this speed, each image is composed of 44 × 508 pixels.
A vial containing 1.5 mL of a suspension of distilled water and A. niger conidia was placed
inside the water tank and illuminated with back-illumination as shown in Figure 1. The
camera was triggered 170 µs after the shock wave generator. All recordings were performed
in duplicate. Bubbles were seen as dark discs; however, some of them overlapped and were
difficult to distinguish from one another.

Figure 2 shows sequences of images recorded after the passage of SP, SDT, and LDT
shock waves. The time T between one image and the next was 20 µs. t = 0 was set at the
instant when bubbles could be seen through the vial with the naked eye for the first time.
The markers labeled 1–8 were added to describe some features (see the Figure caption).
In general, it can be noticed that bubbles underwent fast growth, some of them up to a
diameter of more than 1 mm, followed by inertial collapse. Images (b) and (c) (tandem
mode) show increased bubble density, shortly after the second shock wave passed, both in
the SDT (t = 2T) and the LDT (t = 8T) modes.
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As already mentioned, the diameter of a microjet emitted during bubble collapse is
approximately one-tenth of the bubble´s original diameter [20–22], meaning that larger
bubbles generate microjets with a larger diameter than smaller bubbles. Normally, in a
suspension, there is a distribution of bubbles of many sizes. In this study, we proposed a
method by which the diameter of the emitted microjets can be influenced to some extent.
This is achieved by generating two shock waves. The first wave produces bubbles of all
sizes. If the second wave is sent such that its peak of positive pressure arrives when a
bubble of a specific size begins to collapse, this collapse and the microjet emission are
significantly reinforced as the pressure from the second wave compresses the collapsing
bubble. The collapse of bubbles with sizes different from those selected is not reinforced. In
other words, if the arrival of the second shock wave coincides with the instant when small
(large) bubbles begin their collapse, the generation of microjets with a small (large) diameter
is enhanced. Considering this, the criterion for selecting the short (long) delay in this study
was based on the time needed for the smallest (largest) bubbles to begin collapsing after the
passage of an SP shock wave. The instant when the smallest bubbles begin their collapse,
following the passage of an SP shock wave, was estimated using high-speed recordings.
The same was done for the largest bubbles observed in the suspension. If the effects on
the cell wall of A. niger conidia depend on the diameter of the microjets, exposing the
conidial suspension to tandem shock waves emitted at two significantly different delays,
will produce different degrees and types of damage.

As mentioned above, Figure 2a shows a sequence of images obtained after exposing
the conidial suspension to an SP shock wave. At t = 2T, that is, 40 µs after the arrival of the
shock wave, the smallest bubbles observable with the naked eye acquired their maximum
diameter, and their size began to decrease at t = 3T. An example is the bubble marked with
the number 5. At t = 8T, 160 µs after the arrival of the shock wave, the largest bubbles
observed inside the suspension started to collapse. In this case, a representative bubble
is number 6. This bubble appears smaller on each image after t = 8T. Figure 2b shows a
sequence recorded after the passage of a tandem shock wave with a delay of 40 µs (SDT
shock wave). The second shock wave arrived at t = 2T. Because of this, in the following
images, more bubbles are seen both outside and inside the vial. Number 7 is one of the
smallest bubbles at its maximum size. Analogously, Figure 2c shows a sequence obtained
after the passage of an LDT shock wave. At t = 8T, 160 µs after the passage of the first shock
wave, the second shock wave enhanced the collapse of the largest bubbles (see number 8)
observed inside the vial. Increased bubble activity appeared after t = 8T.

2.6. Electron Microscopy Sample Preparation

Samples destined for SEM and TEM observation were processed equally until de-
hydration. Briefly, 1 mL of conidial suspension was fixed for 1 h by adding 1 mL of
glutaraldehyde (3%) dissolved in a sodium cacodylate buffer (0.1 M at pH 7.4). After this
time, the conidia were washed twice for 10 min with 1 mL of cacodylate buffer, and they
were recovered by centrifugation at 7500× g. The last wash was performed for 24 h. Then,
the conidia were incubated with osmium tetroxide (1% in 0.1 M sodium cacodylate buffer
at pH 7.4) for 1 h. Then, 3 washes in cacodylate buffer were performed: 2 for 10 min and
the last for 24 h. Finally, the samples were dehydrated by submerging them in increasing
percentages of ethanol (10, 30, 50, 70, 96, and 100%) for 10 min each.

For SEM, samples immersed in 100% ethanol were treated to replace ethanol with
liquid CO2 and then desiccated at critical point temperature using a critical point dryer
CPD2 (Ted Pella, Inc., Redding, CA, USA), according to the manufacturer’s instructions.
Once desiccated, conidia were recovered and coated with a 20 nm gold nanoparticle layer
using a sputter coater EMS 550 (Electron Microscopy Sciences, Hatfield, PA, USA) and
observed with a JSM-6060LV electron microscope (JEOL, Tokyo, Japan).

For TEM, ethanol (concentration 100%) was withdrawn from the samples by centrifu-
gation at 7500× g; 1 mL of propylene oxide was added to the pellet and incubated for
30 min at 20 ◦C; the last step was repeated. Then, to infiltrate the cells, 1 mL of resin and
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propylene oxide (rate 1:1) was added and left to evaporate for 24 h at RT; this step was
repeated twice, increasing the resin portion each time (2:1 and 3:1) until it reached honey
consistency after evaporation. After infiltration, the samples were placed in pure resin and
polymerized at 60 ◦C for 36 h. Microtome sections with a thickness between 60 and 90 nm
were obtained using an ultramicrotome MTX-RMC (Boeckeler Instruments Inc., Tucson,
AZ, USA) and collected on 300 mesh copper grids. Then, the samples were counterstained
with a 2% uranyl acetate and 2% lead citrate solution. Observations were made at 80 kV
with a JM100 electron transmission microscope (JEOL). The images were recorded with a
CCD camera (Orious, Gatan, Inc., Pittsburgh, PA, USA) coupled to the microscope.

2.7. Protein Release Analysis

Immediately after shock wave exposure, samples in minimal medium broth were
centrifuged at 12,000× g; 1.2 mL of the supernatant with the released proteins was carefully
separated and collected in a clean tube without disturbing the conidial pellet. Next, the
proteins were precipitated by adding 4 volumes of ice-cold acetone and incubation for
15 min on ice; then, samples were centrifuged at 16,600× g, the acetone was dismissed, and
the protein pellet was dried at 20 ◦C. Finally, protein-enriched fractions were resuspended
in 200 µL of 7 M urea and analyzed.

A bicinchoninic acid (BCA) protein quantification assay in a 96-well microplate (ABP
Biosciences, catalog P011, Beltsville, MD, USA) was employed to quantify proteins re-
leased into the medium after shock wave treatments, according to the instructions of the
manufacturer. Briefly, 20 µL of each sample was added to 200 µL of working reagent and
homogenized. Then, the plate was incubated at 30 ◦C for 30 min and cooled at 20 ◦C.
Measurements were taken at 562 nm using a Varioskan microplate reader (Thermo Fisher
Scientific Inc., Waltham, MA, USA). Bovine serum albumin was used as a standard protein.
Each sample was measured in triplicate.

SDS-PAGE was used to analyze the proteins released into the medium by the action of
shock wave treatments. For electrophoresis, acrylamide 15% separating gel, 4% stacking
gel, 1× Tris/Glycine/SDS buffer, and a molecular weight marker were used (Sigma-
Aldrich, St. Louis, MO, USA). Electrophoretic separation was performed for 1.5 h at
100 V. Protein bands were revealed with silver staining. For this, gels were fixed in a
solution of acetic acid:methanol:water (5:50:45) for 1 h; subsequently, two 20 min washes
with 50% methanol and a 20 min wash with 30% methanol were performed. The gels
were immersed in a 0.02% sodium thiosulfate (Na2SO3) solution for 1 min, with two
subsequent 20 min washes with water, followed by incubation in a 1% silver nitrate
solution for 20 min, after which they were washed 3 times with water. Finally, they
were immersed in the developer solution (2% NaCO3; 0.04% formaldehyde) for up to a
maximum of 10 min. The gels were visualized using a gel photo documenter system in
gel Doc EZ (Bio-Rad Laboratories, Hercules, CA, USA).

2.8. Electrophoretic Light Scattering

Immediately after shock wave application, the conidia were recovered and stored at
−20 ◦C in the culture medium. Subsequently, they were fixed with formaldehyde (2%) in
phosphate-buffered saline (PBS pH 7.4) for 15 min. Next, two washes with PBS and three
with sterile distilled water were performed, and finally, 1.5 × 104 conidia were suspended
in 1 mL of injectable-grade sterile distilled water. Surface charge data were obtained from
1000 conidia using a particle size analyzer (Litesizer 500, Anton Paar México S.A. de C.V.,
Mexico City). The software (Kalliope version 2.4, 2019) uses the Helmotz-Smoluchowski
equation to calculate the Z potential from their electrophoretic mobility values.

3. Results
3.1. Morphological Changes in A. niger Observed through SEM

The shape of all observed control conidia through SEM (see Section 2.6) was quasi-
spherical, with an average diameter of approximately 3–5 µm. Figure 3a shows the typical
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ornamentation of A. niger conidia on the surface of control cells [38]. Its cell wall is rough
with folds and grooves due to the presence of structures made up of chitin, glucans, proteins,
and pigments [35]. The filter paper that served as support is seen in the background. Shock
wave-exposed conidia revealed a kind of shaving on the cell wall surface in addition to
the presence of pores. Cells treated with SP shock waves (Figure 3b) showed a rough cell
wall but with less ornamentation. Conidia exposed to SDT shock waves also exhibited a
smoother cell wall surface (Figure 3c) and evident loss of cell wall material. Most images
of conidia subjected to LDT shock waves showed erosion of their cell surface (Figure 3d).
Collapsed cell walls, such as the one in Figure 3d, were only seen after using one of the three
shock wave modes (SP, SDT, or LDT), not in the control group. Figure 3 is a representative
example of a larger group of obtained images. Comparing all SEM images of shock wave-
exposed conidia, the effect over the cellular surface was found to be different with every
applied treatment, and LDT treatment was the most efficient procedure to shave surfaces.
Images at a lower magnification can bee seen in Figure S1.
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3.2. Internal Changes of A. niger Observed through TEM

The internal structures of the cells in the control samples were the same as typically
reported; they were covered with a cell wall of approximately 200 nm thickness, and
an electron-dense outer layer consistent with melanin was embedded in the cell wall
components [39,40]. A representative image is shown in Figure 4a. As with SEM, shock-
wave-treated conidia revealed different degrees of shaving effect on their outer layer. SP
shock waves tended to detach the outer layer of the conidium (Figure 4b). SDT shock
waves induced damage to the external structure of the conidia, apparently thickening the
cell wall (Figure 4c). Additionally, the formation of vesicle-like structures can be observed,
probably attributed to shear forces exerted by the pressure changes after the passage of
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the shock wave. As for the conidia that received LDT shock waves (Figure 4d), a partial
wasting effect on the wall surface was observed. Figure 4d shows a conidium with erosion
areas where there is detachment of cell wall components, including melanin. Figure 4e–h
are magnifications of Figure 4a–d, respectively. In most of the images obtained, the changes
in the cell wall morphologies were more evident when SDT shock waves were applied,
while greater wear was observed with the LDT shock wave treatment.
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3.3. Analysis of Released Protein

The quantity of protein released from the outer layer of the conidial wall into the
medium after shock wave exposure was measured. As shown in Figure 5, the protein
concentration ranged from 0.23 to 0.35 mg/mL. The shock wave mode (SP, SDT, or LDT)
influenced the quantity of released protein. Compared with nontreated conidia, a significant
increase in protein was obtained in most shock wave-treated groups. Exposure to 200 SP
shock waves resulted in a 1.44-fold higher value (0.33 mg/mL). Applying 200 LDT shock
waves increased the protein concentrations up to 1.52 times (0.35 mg/mL) the value
recorded for the control group. The lowest protein concentrations were obtained from
samples exposed to 200 SDT shock waves, similar to the control group.

SDS-PAGE was performed to confirm the shock wave-shaving effect on the cell sur-
face, allowing the obtention of non-degraded proteins. In this analysis, the resulting
electrophoresis gel allowed for the detection of protein bands with molecular weights
between 6.5 and 120 kDa (Figure 6). Lane 1 (MM), corresponding to the protein content
in the culture medium, shows bands at 45, 55, and 66 kDa. The control sample (Lane 2)
revealed protein bands of 17, 40, and 97 kDa in addition to the bands obtained from the
culture medium. Samples treated with 50 and 100 SP shock waves (Lanes 3 and 4) showed
a similar banding pattern as the control group, although the bands were slightly more
intense. Furthermore, a band corresponding to high-molecular-weight proteins (116 kDa)
appeared. This was probably generated by the enrichment of proteins due to shock wave
action. Interestingly, 200 SP shock wave treatments seem to have a damaging and possibly
degrading effect (Lane 5). In the three SDT shock wave groups (Lanes 6 to 8), only samples
treated with 50 shock waves revealed a banding pattern with bands of 23, 30, and 37 kDa.



Fluids 2024, 9, 81 11 of 16

Finally, when analyzing the proteins obtained with LDT shock waves (Lanes 9 to 11),
various molecular weights, from 6.5 kDa to fragments or proteins with molecular weights
greater than 100 kDa, were obtained. The effect was more evident as the number of LDT
shock waves increased.

Fluids 2024, 9, x FOR PEER REVIEW  11  of  17 
 

 

Figure 5. BCA protein quantification of control and shock wave‐treated samples. The length of each 

bar  is  the average of  three results. * Significant differences between shock wave groups and  the 

control group. ** Significant differences between groups. (p > 0.001). 

SDS‐PAGE was performed to confirm the shock wave‐shaving effect on the cell sur‐

face, allowing the obtention of non‐degraded proteins. In this analysis, the resulting elec‐

trophoresis gel allowed  for  the detection of protein bands with molecular weights be‐

tween 6.5 and 120 kDa (Figure 6). Lane 1 (MM), corresponding to the protein content in 

the culture medium, shows bands at 45, 55, and 66 kDa. The control sample (Lane 2) re‐

vealed protein bands of 17, 40, and 97 kDa  in addition to the bands obtained from the 

culture medium. Samples treated with 50 and 100 SP shock waves (Lanes 3 and 4) showed 

a similar banding pattern as the control group, although the bands were slightly more 

intense. Furthermore, a band corresponding to high‐molecular‐weight proteins (116 kDa) 

appeared. This was probably generated by the enrichment of proteins due to shock wave 

action. Interestingly, 200 SP shock wave treatments seem to have a damaging and possibly 

degrading effect (Lane 5). In the three SDT shock wave groups (Lanes 6 to 8), only samples 

treated with 50 shock waves revealed a banding pattern with bands of 23, 30, and 37 kDa. 

Finally, when analyzing the proteins obtained with LDT shock waves (Lanes 9 to 11), var‐

ious molecular weights, from 6.5 kDa to fragments or proteins with molecular weights 

greater than 100 kDa, were obtained. The effect was more evident as the number of LDT 

shock waves increased. 

The  surface  electrostatic  charge  of  conidia depends  on  the molecular  interaction 

between different components of the cell wall. This was assessed by microelectrophoresis, 

electrophoretic mobility, and the Z potential. As shown in Table 2, both the control and 

shock wave‐treated samples only expressed negative values and increased electrophoretic 

mobility. All conidia  that  released proteins and other cell wall compounds because of 

shock wave exposure, presented significantly more negative values (from −26.98 ± 0.59 

mV to −33.34 ± 0.35 mV) than those recorded in the control samples (−20.37 ± 0.94 mV). 

Figure 5. BCA protein quantification of control and shock wave-treated samples. The length of each
bar is the average of three results. * Significant differences between shock wave groups and the
control group. ** Significant differences between groups. (p > 0.001).

Fluids 2024, 9, x FOR PEER REVIEW  12  of  17 
 

 

Figure 6. SDS‐PAGE gel electrophoresis of different shock wave treatments and the control group. 

Arrowheads point to some of the new, more intense bands observed in the lanes of treated samples. 

Minimal medium (MM); control sample (Ctrl); molecular weight marker (MW) in kDa. 

Table 2. Zeta potential and electrophoretic mobility of Aspergillus niger. 

Sample 
Mean Z Potential赵 

(mV) ± SD 1 

Electrophoretic Mobility赵 
(μm × cm/Vs) 

Control without SWs 2  −20.37 ± 0.94  −1.44 

SP 3 50 SWs  −28.85 ± 0.82  −2.04 

SP 100 SWs  −26.98 ± 0.59  −1.91 

SP 200 SWs  −30.09 ± 0.74  −2.13 

SDT 4 50 SWs  −33.34 ±0.35  −2.36 

SDT 100 SWs  −29.56 ± 1.33  −2.09 

SDT 200 SWs  −32.66 ± 0.81  −2.31 

LDT 5 50 SWs  −27.3 ± 1.0  −1.93 

LDT 100 SWs  −29.57 ± 1.22  −2.09 

LDT 200 SWs  −30.36 ± 0.04  −2.15 
1 Standard deviation. 2 Shock waves. 3 Single pulse. 4 Short‐delay tandem (delay = 40 μs). 5 Long‐

delay tandem (delay = 160 μs). 

4. Discussion 

Our SEM and TEM  images revealed that conidia exposed to different shock wave 

conditions suffered a variety of modifications to their cell structure, from pore and vesicle 

formation to slight wear of the cell wall and deformation to cell wall surface shaving. Rep‐

resentative examples are shown in Figures 3 and 4. Because it is not possible to observe 

the interaction between a shock wave and the cell surface in real time, other authors [40–

42] performed simulations in silico, and they concluded that after passage of the positive 

pressure pulse, the change in membrane permeability is caused by a disturbance of the 

phospholipid fatty acid chains. It has also been reported that shock waves with a smaller 

positive pressure  amplitude but  longer FWHM  increased  the membrane permeability 

more  than shock waves with higher pressure and a shorter FWHM  [42]. According  to 

these authors, shock wave‐induced shear stress, tangential to the cell surface, contributed 

to cell permeability. As mentioned above, shock waves can  induce permeabilization  in 

several kinds of cells [42–44]. Compression, as well as tensile and shearing stress, may be 

partially  responsible  for  the  changes  to  the  cell wall,  principally  pore  formation,  as 

Figure 6. SDS-PAGE gel electrophoresis of different shock wave treatments and the control group.
Arrowheads point to some of the new, more intense bands observed in the lanes of treated samples.
Minimal medium (MM); control sample (Ctrl); molecular weight marker (MW) in kDa.

The surface electrostatic charge of conidia depends on the molecular interaction
between different components of the cell wall. This was assessed by microelectrophoresis,
electrophoretic mobility, and the Z potential. As shown in Table 2, both the control and
shock wave-treated samples only expressed negative values and increased electrophoretic
mobility. All conidia that released proteins and other cell wall compounds because of shock
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wave exposure, presented significantly more negative values (from −26.98 ± 0.59 mV to
−33.34 ± 0.35 mV) than those recorded in the control samples (−20.37 ± 0.94 mV).

Table 2. Zeta potential and electrophoretic mobility of Aspergillus niger.

Sample Mean Z Potential
(mV) ± SD 1

Electrophoretic Mobility
(µm × cm/Vs)

Control without SWs 2 −20.37 ± 0.94 −1.44
SP 3 50 SWs −28.85 ± 0.82 −2.04
SP 100 SWs −26.98 ± 0.59 −1.91
SP 200 SWs −30.09 ± 0.74 −2.13

SDT 4 50 SWs −33.34 ±0.35 −2.36
SDT 100 SWs −29.56 ± 1.33 −2.09
SDT 200 SWs −32.66 ± 0.81 −2.31
LDT 5 50 SWs −27.3 ± 1.0 −1.93
LDT 100 SWs −29.57 ± 1.22 −2.09
LDT 200 SWs −30.36 ± 0.04 −2.15

1 Standard deviation. 2 Shock waves. 3 Single pulse. 4 Short-delay tandem (delay = 40 µs). 5 Long-delay tandem
(delay = 160 µs).

4. Discussion

Our SEM and TEM images revealed that conidia exposed to different shock wave
conditions suffered a variety of modifications to their cell structure, from pore and vesicle
formation to slight wear of the cell wall and deformation to cell wall surface shaving.
Representative examples are shown in Figures 3 and 4. Because it is not possible to observe
the interaction between a shock wave and the cell surface in real time, other authors [40–42]
performed simulations in silico, and they concluded that after passage of the positive
pressure pulse, the change in membrane permeability is caused by a disturbance of the
phospholipid fatty acid chains. It has also been reported that shock waves with a smaller
positive pressure amplitude but longer FWHM increased the membrane permeability
more than shock waves with higher pressure and a shorter FWHM [42]. According to
these authors, shock wave-induced shear stress, tangential to the cell surface, contributed
to cell permeability. As mentioned above, shock waves can induce permeabilization in
several kinds of cells [42–44]. Compression, as well as tensile and shearing stress, may
be partially responsible for the changes to the cell wall, principally pore formation, as
evidenced in Figure 3b–d; however, the accepted hypothesis is that acoustic cavitation is
the main phenomenon responsible for this effect.

Bubble growth and collapse depend not only on the applied shock front but also on
the number of suspended microbubbles and impurities, such as solid kernels. The cell
wall of A. niger conidia is rough (see Figure 3a) and hydrophobic, owing to the presence of
hydrophobins, melanin, α-1,3-glucan, and chitin [31,32]. These physicochemical properties
of the cell wall components generate low wettability in A. niger conidia compared with
other fungal species [45]. This reduces the adhesion force between the surface of the wall
and the surrounding liquid, enhancing the nucleation of microbubbles [46–48].

A shortcoming of the methodology described here is that cell shaving and sonopora-
tion are difficult to control. Using tandem shock waves with specific delays can exert a
certain influence on the impact on the cells, such as the pore size, cell deformation, or mod-
ification of the cell wall. Nevertheless, because cavitation is a multibubble phenomenon
and depends on several factors, such as the properties of the fluid, the bubble size distribu-
tion, the existence of cavitation nuclei, and the pressure profile [49], the most appropriate
delay for a specific application is difficult to determine. Moreover, several phenomena act
synergistically, complicating the scenario.

A useful tool to estimate the size of bubbles immersed in a liquid versus the time after
their interaction with a shock wave is the Gilmore–Akulichev equation [50]. By obtaining
the maximum diameter of shock wave-exposed bubbles using high-speed imaging, it is
possible to calculate their initial size, the approximate diameter of the microjets emitted
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after collapse, and the delay to enhance the collapse energy of these specific bubbles.
This method could allow relative control over acoustic cavitation and microjet formation,
influencing possible effects on the cells.

Deformation of the cell wall and cell membrane can also be produced by direct shock
wave-induced stress; this is without the presence of cavitation and solely dependent on
the pressure profile of the shock wave [51]. On the other hand, if a microbubble smaller
than a cell is compressed close enough to its surface, it causes a vacuum effect, pulling
part of the outer layer of the cell surface. During expansion, the bubble hits the cell
surface [51–53]. Both effects (suctioning and hitting) alternate at high speed, resulting in
cell surface deformation. These effects are caused by harmonic waves that reach megahertz
frequencies, such as those generated by ultrasound devices [52–54]. Furthermore, shear
stress produced by cavitation after sonoporation of conidia has been reported to cause
changes in cell permeability. Consequently, if cells are in the vicinity of cavitating bubbles,
transient pores derived from the viscoelastic shear forces of these microstreams may appear
on their surface [55–57]. During shock wave treatment, bubbles normally do not oscillate;
however, both bubble expansion and compression have much higher energy, and strong
shear stress can be expected.

In this study, SDT shock waves generated significantly more cell wall deformations
than SP shock waves, but with less protein release. This may occur because the SDT mode
favors small microjets but inhibits larger ones, as generated in the SP mode. Inferences can
be drawn from the number of cellular pores appearing in the foreground of our SEM images.
Even though TEM revealed greater changes in the cell wall with SDT, the formation of
diverticulum-like agglomerates was also evident, which perhaps accumulated the proteins
instead of releasing them. Undoubtedly, more tests are required to confirm or correct such
a hypothesis.

LDT shock waves were more effective in shaving the outer layer with diminished
cell deformation, releasing proteins of different sizes (Figure 6). Moreover, the quantity
of protein released into the medium was higher after exposure to LDT shock waves.
SDS-PAGE revealed that the recovery of proteins of variable size was achieved with this
treatment. Other authors reported detaching effects during the sonication of A. nidulans
conidia suspended in sterile deionized water. That method generated streams that peeled
off the hydrophobin layers without deforming the morphology of the cells [58].

In recent years, the study of surface proteins has stood out for its importance in
understanding many cellular interaction processes with the environment, as well as its
importance in plant, animal, and human pathogenicity. Few methods to perform the
shaving of superficial proteins have been reported [59,60]. Some of them use enzymes
or chemicals for the treatment of samples to obtain proteins and proceed to analysis and
characterization [61–63]. As demonstrated in this study, shock waves can be considered a
new approach for detaching proteins from the conidial surface. With standardized protocols
for fungi, shock waves could constitute an alternative method to study cell wall proteins,
avoiding subcellular fractionation. The advantages of shock wave treatments are that
the procedure is relatively fast and that there is no need for special sample preparations.
Moreover, using tandem shock waves, the same number of shock waves can be applied in
half the time as with SP treatments.

The Z potential value is associated with the cell surface charge, which is dictated by
its physicochemical characteristics. Fungal cell walls are negatively charged because of
molecules such as β-1,3-glucans and melanin. As reported by Pihet et al. [40] and Wargenau
et al. [39], the presence of melanin forms a negatively charged shell. In the control group,
the Z potential was −20 mV. This agrees with the values reported by Wang et al. [64] for
fungal cells dispersed in deionized water. For conidia exposed to any of the three shock
wave treatment modes (SP, SDT, and LDT), the Z potential values decreased, indicating the
detachment of proteins, such as hydrophobins, from the conidial outer layers.
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5. Conclusions

Single-pulse and both SDT and LDT shock waves induced various modifications on
the cell wall surface of A. niger conidia, from a superficial shaving effect releasing proteins
attached to the cell wall to the disruption of the fungal cell wall layers. Our results support
the hypothesis that acoustic cavitation is one of the most important phenomena of shock
wave treatments, not only for cell permeabilization but also for modifying or extracting
components from the surface of cells covered by a cell wall. This shaving effect may be
relevant in biomedicine as a method to obtain antigenic biomolecules from the surface of
pathogenic fungi, such as Cryptococcus neoformans, Candida spp., and Sporothrix schenckii. To
the best of our knowledge, this is the first article reporting shock wave-induced changes to
the conidial cell wall. Furthermore, our results may be useful for establishing the physical
parameters and experimental conditions of shock waves in new fields of application.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/fluids9040081/s1, Figure S1: SEM images at a lower magnification (×10,000)
compared to Figure 3, providing a wider field of view. The shock wave treatment type (Control, SP, SDT,
LDT) is indicated in the upper right corner of each image. Samples for SP, SDT, and LDT were subjected
to 50 shock waves.
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