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Influence of cavitation and high shear stress
on HSA aggregation behavior

Neither the influence of high shear rates nor the impact of cavitation on protein
aggregation is fully understood. The effect of cavitation bubble collapse-derived
hydroxyl radicals on the aggregation behavior of human serum albumin (HSA)
was investigated. Radicals were generated by pumping through a micro-orifice,
ultra-sonication, or chemically by Fenton’s reaction. The amount of radicals pro-
duced by the two mechanical methods (0.12 and 11.25 nmol/(L min)) was not
enough to change the protein integrity. In contrast, Fenton’s reaction resulted in
382 nmol/(L min) of radicals, inducing protein aggregation. However, the micro-
orifice promoted the formation of soluble dimeric HSA aggregates. A validated
computational fluid dynamic model of the orifice revealed a maximum and average
shear rate on the order of 108 s−1 and 1.2 × 106 s−1, respectively. Although these
values are among the highest ever reported in the literature, dimer formation did not
occur when we used the same flow rate but suppressed cavitation. Therefore, aggre-
gation is most likely caused by the increased surface area due to cavitation-mediated
bubble growth, not by hydroxyl radical release or shear stress as often reported.
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1 Introduction

Irreversible mechanical stretching of proteins due to shear stress
and the resulting aggregation behavior is unclear in the liter-
ature. From the early stages of bioprocess engineering until
now, mechanical stress has been thought to be a real harm in
processing proteins [1–4]. However, more recent studies [5, 6]
have not supported these assumptions, and some studies have
attributed protein aggregation during processing to conforma-
tional changes in the protein at the air-liquid interface rather
than to shear stress [7, 8]. It has been hypothesized that, at re-
ally high shear rates, the effect of cavitation may be overlooked
and the possible effect misattributed to shear stress [9, 10]. In
bioprocesses, protein solutions are often pumped through nar-
row orifices (e.g., high pressure homogenizers, valves, or gear
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pumps). As a result of the velocity increase in these gaps, the
local pressure decreases as described by the Bernoulli equation
Eq. (1), where v is velocity, p the hydrostatic pressure, and ρ the
density of the liquid.

p + ρ

2
v2 = const. (1)

Cavitation occurs when the local static pressure falls below
the vapor pressure of the liquid, resulting in the liquid boiling at
ambient temperatures. When the pressure increases downstream
of the orifice, these vapor cavities are unstable and collapse under
high pressure and temperature [11], resulting in the formation
of hydroxyl radicals [12]. The destructive nature of these radicals
generated by X-ray radiolysis of water or Fenton’s reaction on
certain amino acid side chains was reported previously [13–16].
The Fenton reaction is induced when ferrous iron (Fe(II)) is
present together with hydrogen peroxide at low pH [17]. When
studying the influence of hydroxyl radicals on proteins, Fenton’s
reaction can be used as a positive control due to the high radical
generation rate.

An alternative source of hydroxyl radicals is ultra-sonication
[12]. In this method, ultrasound waves are transmitted through
the medium, compressing and stretching the molecular spacing
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of the medium. Thus, the average distance between the molecules
varies as they oscillate about their mean position. When the
distance between water molecules is extremely large, the local
pressure undercuts the vapor pressure of the liquid and cavitation
occurs [18]. Hydroxyl radicals occurring from ultra-sonication
were already associated with DNA degradation [19].

Cavitation can be detected and quantified in biopharma-
ceutical processes by the well-established terephthalic acid
(TPA) dosimeter [20, 21]. Generated hydroxyl radicals react
with TPA, forming hydroxyl terephthalic acid (hTPA), a sta-
ble fluorescence-active, heat-resistant [22] chemical. We applied
this technique to compare cavitation intensity between an ultra-
sonic homogenizer, a micro-orifice, and Fenton’s reaction.

In fluid dynamics, the dimensionless cavitation number (Ca)
is used to predict cavitation Eq. (2). The equation relates the
local static pressure in a liquid (p) to the vapor pressure of the
liquid (pv), the density (ρ), and the flow velocity (v). Below 0.2
cavitation can be expected [23].

Ca = 2 (p − pv)

ρ∗v2
(2)

According to this engineering correlation, a micro-orifice and
flow conditions were selected to achieve velocities high enough to
generate cavitation [24]. We also wanted to describe the shear rate
inside the micro-orifice. For laminar flow, the maximum shear
rate near the wall can be calculated using a stress approximation
Eq. (3) [25], where Q is the volumetric flowrate, r is the radius
of the tube, and y is the shear rate.

γ = 4Q

πr3
(3)

However, this equation is only valid when calculating max-
imum wall shear stress in laminar flow with a single velocity
component parallel to the wall. Reynolds equation Eq. (4) is
used to evaluate whether laminar flow is present, where ρ is the
density of the liquid, v the linear flow velocity, d the diameter of
the tube, and μ the dynamic viscosity.

Re = ρvd

μ
(4)

We show that laminar flow conditions were not present for
our desired flow rates. Thus, a validated computational fluid
dynamics (CFD) simulation was set up to reliably calculate an
average shear rate for the whole micro-orifice cross-section.

The aim of the present study was to evaluate whether hydroxyl
radicals generated by cavitation resulting from a micro-orifice
are a possible source of protein aggregation. The radical genera-
tion rate was compared to that of ultra-sonication and Fenton’s
reaction. In addition, the influence of extremely high shear rates
with and without cavitation on HSA aggregation behavior was
studied.

2 Materials and methods

2.1 Protein standard

We selected HSA as the model protein due to its ability to
form soluble aggregates in buffered solutions. It was purchased

as highly pure lyophilized powder (A3782, Sigma-Aldrich, St.
Louis, MO, USA). We prepared 0.25 mg/mL HSA in 10 mM
sodium phosphate and 5 mM sodium chloride (pH 6.5) as stan-
dards. Standards were 0.2 μm filtrated and degassed with sterile
rapid flow units (566-0020, Thermo Fisher Waltham, MA, USA).
Every experiment was carried out in triplicate.

2.2 Size exclusion chromatography

The soluble aggregate content and concentrations of HSA sam-
ples were analyzed by high performance size exclusion chro-
matography. The runs were performed on an Agilent 1290 LC
system (Santa Clara, CA, USA). We used a TSKgel G3000SWXL
column (5 μm, 7.8 mm id x 300 mm + 6 mm id x 40 mm guard)
from Tosoh (Shiba, Minato-Ku, Tokyo, Japan). Phosphate run-
ning buffer (13 g/L KH2PO4, 9.4 g/L K2HPO4, 14.61 g/L sodium
chloride pH 6.5) was used at a flow rate of 0.4 mL/min. Protein
samples were filtered using a 0.2 μm filter and 20 μl directly
injected without any dilution.

2.3 Terephthalic acid dosimeter

TPA was purchased from Sigma-Aldrich (185361) and used as
a 30 mM stock solution in 0.2 M NaOH adjusted to pH 6.5 or
9 with phosphoric acid. To establish the relationship between
fluorescence signal and hydroxyl radicals, hTPA was purchased
from Sigma-Aldrich (752525) and three independent dilution
series prepared. For each dilution, 10 mg of hTPA was dissolved
in 100 g of 0.2 M NaOH previously adjusted to pH 6.5 using
phosphoric acid. The resulting 549 μM hTPA solution was di-
luted 1:10 twice, followed by dilution 1:3 six times. Finally, the
fluorescence signal was measured for the last five dilutions.

2.4 Fluorescence measurements

To evaluate different cavitation intensities with the TPA dosime-
ter, we used an Infinite R© 200 PRO fluorescence detector
(TECAN, Maennedorf, Zuerich, Switzerland). Triplicate 150 μL
aliquots of each sample were measured in a Nunclon Delta Black
96 Microwell plate (137101, ThermoFisher) at excitation and
emission wavelengths of 315 and 425 nm, respectively. The elec-
trical gain was adjusted to 150 to easily compare results between
different plates.

2.5 Fenton’s reaction

For Fenton’s reaction, we mixed 1 mL of 0.12 M TPA in 0.25 M
NaOH, 1 mL of 0.5 M phosphate buffer (pH 9.0; pH 3.0 for
protein experiments), and 1 mL of 8 mM iron(II)chloride-
tetrahydrate in a 5 mL Eppendorf tube. To initiate the reaction,
we added 1 mL of 4% hydrogen peroxide (v/v). For protein
aggregation experiments, the TPA solution was replaced with
1 mg/mL HSA in 0.3 M phosphate (pH 9.0 or 3.0).
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Figure 1. The protein stressing setup with the integrated micro-orifice. (A) Schematic drawing. (B) Photograph. The micro-orifice is located
at the top right. (C) side view onto the orifice. (D) Front view of the flow reduction.

2.6 Ultra-sonication

A UP100H ultra-sonic homogenizer (Hilscher, Teltow, Bran-
denburg, Germany) with an MS3 sonotrode was used at 60%
intensity in continuous mode to generate cavitation. Sample
solutions (60 mL) were sonicated in a jacketed 100 mL glass
beaker constantly cooled to 25°C by a F12-ED circulator (Julabo,
Seelbach, Baden-Wuerttemberg, Germany) connected with
silicon tubes.

2.7 Micro-orifice

T-4-SS micro-orifices (Fig. 1) were purchased from O’Keefe Con-
trols Co. (Monroe, CT, USA). These devices were delivered with
a barb connector on each side, which allowed an easy connection
to 1/16‘’ tubes. The diameter reduction to 99 μm generated a
back pressure of up to 30 bar at a flow rate of 26 mL/min. To
ensure a continuous flow rate with the described requirements,
we integrated the micro-orifice into the flow path of an ÄKTA
P-901 piston pump (GE Healthcare, Chicago, IL, USA) (Fig. 1).
At different flow rates through the micro-orifice, 60 mL of pro-
tein or TPA solution was recirculated for 90 and 1440 min. To
evaluate the influence of the pump on protein aggregation the
micro-orifice was replaced by a 2 m 0.75 μm id tube. Hence, the
effect of the pump can be subtracted from the combined effect
pump and orifice. To suppress cavitation we increased the back-

pressure behind the micro-orifice with a 31.5 cm tube 0.25 mm
id PEEK tube (1/16 ‘’ od) (GE) glued into the tube exiting the
micro-orifice (1/16 ‘’ id).

2.8 Computational fluid dynamic simulation

To simulate the flow inside the micro-orifice and calculate an av-
erage shear rate over the flow reduction, a CFD simulation was
set up using the computer program Star-CCM+ R© (CD-adapco,
Melville, NY, USA). The geometry of the orifice was obtained
from a technical drawing by the manufacturer. The inlet diam-
eter through the barb connector was set to 1.2 mm. A continu-
ous conical narrowing from 1.2 mm to 99 μm was adjusted in
0.25-mm increments. The orifice length itself was set to
0.33 mm. After the reduction, the diameter instantly expanded to
the diameter of the connected transparent Fluoroethenepropene
tube (1/16‘’, which is equal to 1.59 mm). We chose a three-
dimensional, steady, Eulerian multiphase including volume of
fluid (VOF) and cavitation-segregated flow, realized K-Epsilon
turbulence with Reynolds averaged Navier-Stokes model. The
minimum allowable wall distance and reference pressure were
set to 1.0 × 10−9 m and 1013 mbar, respectively. We picked a
cubic mesh to better resolve the contribution of both liquid and
vapor in each cell derived from the VOF model. Therefore, we
focused on reducing the cell size in the critical regions, including
the orifice reduction or the free jet region, after the device.
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3 Results and discussion

3.1 Selection of a micro-orifice

We compared different methods to study the effect of hydroxyl
radicals on protein aggregation behavior. We used Fenton’s reac-
tion for a high radical generation rate per time, ultra-sonication
as a well-established method for the generation of detectable
amounts of radicals [18, 26, 27], and a micro-orifice with an
unknown generation rate. A stirring device to simulate protein
mixing processes at high revolution rates was also taken into
account but considered to not be feasible due to the resulting
vortex and air entrapment in the protein solution. Using a micro-
orifice integrated into a pumping flow path overcomes the issue
of air inclusion due to the closed system. In addition, this setup
mimics the conditions downstream of a high pressure homog-
enizer quite well, or the slit between the rotor and the wall of a
fast rotating gear pump. We used the dimensionless cavitation
number (Ca) to roughly predict the required flow. Estimating a
downstream pressure of 106.3 kPa, assuming an orifice diameter
of 100 μm, vapor pressure of water at 20°C of 2338 Pa, and
a density of water of 998 kg/m3, a linear flow rate of 33 ms−1

(15.6 mL/min) was required to be below the cavitation num-
ber threshold of 0.2, ensuring the occurrence of cavitation [23].
Thus, the T-4-SS micro-orifices with a nominal diameter of
99 μm was suitable for generating cavitation with an ÄKTA sys-
tem pump. We further increased the flow rate up to 56.3 m/s
(26 mL/min) to increase the cavitation strength.

3.2 CFD simulation of shear rates

The prevailing flow inside a tube or orifice can be estimated by
the Reynolds number Eq. (4). A simple calculation of shear rate
is only possible when the flow is laminar [28–30]. Assuming
a liquid density of 998 kg/m3, a linear velocity of 56.3 m/s, a
micro-orifice diameter of 9.9 × 10−5 m, and a dynamic viscos-
ity of 8.9 × 10−4 Pa, the resulting Reynolds number was 6250,
indicating turbulent flow. Additionally, the occurrence of a de-
fined vena contracta complicates the flow profile, requiring a
numerical solution by CFD [31]. To simplify the complex time-
and location-dependent turbulent flow, we used a steady sim-
ulation approach that averaged the turbulence over time. The
CFD simulation was validated by comparing the simulated and
experimentally determined pressure drops at several different
flow rates (Fig. 2). The accuracy of the pump was evaluated with
±1.3% in the range of 8 to 30 mL/min. We accurately predicted
the pressure drop with the CFD simulation. Although our sim-
ulations underestimated the measured pressure drop by 4% at
26 mL/min and overestimated the pressure by 9% at 8 mL/min,
we were able to precisely predict the minimum flow rate for cav-
itation (online supporting data Table 1). We observed both an
increase in fluorescence signal when using the TPA dosimeter
and the occurrence of noise produced by the implosion of vapor
cavities. The implemented cavitation model predicted a realistic
number of cells with vapor content at the corresponding flow
rates in the CFD simulation, concluding that cavitation was oc-
curring. However, at a flow rate of 11 mL/min, the simulation

Figure 2. Pressure curve for the micro-orifice integrated into the
ÄKTA flow path and CFD calculation at six different flow rates.
Experimentally measured data (blue) and a quadratic fit of the
data (black) are shown. Simulation data are in green.

demonstrated some cells with vapor content, but we did not no-
tice any noise or increase in hTPA signal. Either the fluorescence
assay was not sensitive enough to detect this minor cavitation
level, or the simulation simply overestimated the reality. As the
simulation matched our experiments very well, we generated
110 cross-sections through the whole orifice reduction (every
3.2 μm) in silico to estimate shear rates.

A plane section is a virtual two-dimensional space located
inside the geometry used to display physical values, such as pres-
sure or velocity, for all of the cells it contains (Fig. 3). For the
calculation of shear rates, we wrote a user script in Star CCM+
that derived the velocity vector perpendicular to the wall of each
cell to the next cell located closer to the center of the reduction
according to Eq. (5), where γ̇ is the shear rate, �v the velocity dif-
ference between two cells, and h the distance between these cells.

γ̇ = �v

h
(5)

We showed at the beginning of the vena contracta that the
maximum obtained wall shear rate was in the order of 108 s−1

(Fig. 3). Although studies on high shear rate-dependent aggre-
gation have been reported [5, 9, 32–35], the values from our
simulation exceed these values by a factor of at least 10. In ad-
dition, the maximum shear rate was 22-times higher than one
would expect from the laminar flow profile at the wall (4.5 ×
106 s−1), which further indicates the importance of a validated
CFD simulation. However, the mass flow rate at the wall and,
thus, the amount of proteins sensing this extremely high shear
stress is rather low. Therefore, a mass flow-averaged shear rate
over the whole orifice reduction was required. We additionally
picked the velocity and density profiles of each cell, allowing us to
calculate the average shear rate (γ̇) Eq. (6) by taking into account
the overall mass flow from all sections and cells (Ṁt) the shear
rate contribution (γi), and the mass flow of each individual cell,
given by the velocity (vi), density (ρi), and cell size (A i).

γ̇ = 1∑
i Ṁi

∑

i

viρiA iγi (6)
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Figure 3. Velocity and shear profiles indicated by plane section through the micro-orifice. (A) Color represents the flow velocity, whereas
the lines give information about the direction. (B) Plane section indicated by the black line in (A). (C) Shear rates across the plane section
in (B) from the wall to the center.

C© 2017 The Authors. Engineering in Life Sciences published by Wiley-VCH Verlag GmbH & Co. KGaA 173



www.els-journal.com Eng. Life Sci. 2018, 18, 169–178

This calculation enabled a detailed average description of the
shear rate inside the micro-orifice, which was not possible with
ordinary theoretical assumptions due to the focusing effect of the
vena contracta and the resulting complex velocity profile [31].
However, we calculated an extremely high average shear rate of
1.2 × 106 s−1. We obtained 5 × 106 s−1 when averaging the shear
rate for all of the cells of the 110 cross-sections without taking
into account the reduced mass flow rate at the wall. Hence, the
mass flow averaged calculation provides a more realistic picture
because the averaged shear rate would have been overestimated
by a factor of 4. As we used a static simulation, the local shear
rates could even be higher due to fluctuations in the turbulence,
whereas our steady simulation averaged velocity and shear rates
over time.

3.3 Suppressing cavitation with a flow restrictor

To separate the influence of cavitation from the high demon-
strated shear rates, we suppressed cavitation by increasing the
downstream pressure of the orifice with a flow restrictor. We used
a 31.5 cm Teflon tube with a diameter of 0.25 mm, increased the
downstream pressure to 21 bar. The resulting cavitation num-
ber was 1.3 and no increase in fluorescence signal was obtained
after 24 hours of pumping with TPA solution. We performed
another CFD simulation and obtained an average shear rate of
1.6 × 106 s−1. The 33% increase in the average shear rate can be
explained by the higher mass flow rate near the wall because no
gas phase is transported.

3.4 Calibration of hydroxyl radical formation with
hTPA

To investigate hydroxyl radical-mediated protein aggregation by
cavitation, we correlated the arising fluorescence signals of the
micro-orifice, the ultra-sonication homogenizer and Fenton’s
reaction with hydroxyl radical concentrations by analyzing the
reactant of the TPA reaction, hTPA. We obtained a linear cor-
relation for the stock solution and found that a gain of one
fluorescence unit corresponded to 59.3 ± 3.8 pmol/L hydroxyl
radicals.

3.5 Hydroxyl radical formation by micro-orifice and
ultra-sonication treatment

Hydroxyl radical generation by the ultra-sonication sonotrode
and the micro-orifice was tested with the TPA dosimeter af-
ter 60 and 1440 min, respectively. With both devices, we vi-
sually detected cavitation (Fig. 4) by the characteristic bubble
formation at the exit of the orifice or the apex of the ultra-
sonication tip. The micro-orifice and ultra-sonic homogenizer
generated 2.09 and 189.7 fluorescence counts per minute. With
the micro-orifice, the flow rate determined the cavitation inten-
sity, whereas the time constant and power input were relevant
for the ultra-sonic homogenizer. The oscillating tip of the ultra-
sonic homogenizer resulted in a 90-times higher signal due to
the high local energy input [36]. Converting the fluorescence

signals to moles of hydroxyl radicals using the calibration curve,
we found that 0.124 nmol/(L min) was generated by the micro-
orifice, whereas the ultra-sonication sonotrode was capable of
generating 11.25 nmol/(L min) which is in good agreement with
expectations from the literature [37]. We expected that the same
amount of hydroxyl radicals will result in similar levels of pro-
tein aggregation. To investigate hydroxyl radical-mediated HSA
aggregation, we picked an incubation time of 1 and 90 min for
the ultra-sonic homogenizer and micro-orifice, respectively.

3.6 Hydroxyl radical formation by Fenton’s reaction

To investigate the influence of high concentrations of hydroxyl
radicals on protein aggregation, we used Fenton’s reaction as
an additional radical source. Fe(II) reacted with hydrogen per-
oxide to form ferric iron (Fe(III)), one hydroxyl radical, and
one hydroxide ion [38]. To measure hydroxyl radical formation
with TPA, the pH was set to 9 to prevent TPA precipitation.
In addition, the catalytic back reaction of Fe(III) to Fe(II) was
prevented due to the high pH, resulting in the formation of
insoluble iron(III) hydroxide (Ksp 2.7 × 10−39 mol4/L4 [39]).
Therefore, hydroxyl radicals were the only radical species, which
was necessary to avoid misinterpreting the results. Although Fen-
ton’s reaction is normally conducted at pH 3, some researchers
have shown that an even faster hydroxyl radical release occurs at
pH 9 [40]. After initiation of the reaction, we measured the
fluorescence signal at 10, 30, and 60 min. The fluorescence sig-
nal did not change after 10 min, indicating that the reaction
was over after a few minutes. A total of 381.56 nmol/(L min)
hydroxyl radicals were formed by this reaction, which was 34-
times higher than ultra-sonication and 3067-times higher than
with the micro-orifice (Table 1). The reaction might have been
over after several seconds but sample mixing and repeated plate
reader analysis required several minutes, hence the generation
rate per minute was probably even higher.

3.7 Protein stress

The HSA solution was stressed by the micro-orifice, ultra-
sonication, and hydroxyl radicals generated by Fenton’s reac-
tion. We used a low protein concentration of 0.25 g/l in all
experiments. With this concentration structural analytics like
HP-SEC are less error prone because no dilutions have to be
done which decreases sample to sample deviations. Further, in
case dilutions are done it is well know that a protein could refold
and then we could make a false conclusion. Therefore, a direct

Table 1. Comparison of hydroxyl radical formation by different
methods

Treatment nmol/(L min) Proportion

Pumping + micro-orifice 0.12 ± 0.01
Ultra-sonic homogenizer 11.25 ± 1.68 90
Fenton’s reaction, pH 9 381.56 ± 81.25 34/3067

Data are presented as mean ± SD. The proportion between different
treatments also indicated.
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Figure 4. Visualization of cavitation. (A) Ultra-sonication. (B) micro-orifice. (C) Generation of hydroxyl radicals measured as fluorescence
counts by the terephthalic acid dosimeter. Data are presented as the means of three experiments ± SD which is within the color marking.
(D) Zoomed in view of (C) to calculate time when the same amount of radicals is generated by the different methods.

Figure 5. (A) HSA recovery of soluble HSA monomer before and after different treatments. 1: pumping (control); 2: pumping through the
micro-orifice; 3: ultra-sonication; 4: iron(II)chloride at pH 9; 5: Fenton’s reaction at pH 9; 6: suppressed cavitation. Error bars represent
the standard deviation of three independent experiments. (B) SEC chromatograms of different HSA samples. Untreated HSA (green) was
compared to an HSA solution containing iron(II)chloride (blue), HSA treated with Fenton’s reaction at pH 9 (red), and Fenton’s reaction
at pH 3 (black dotted).

injections is less critical regarding interpretation. The concen-
tration of HSA monomers in the supernatant did not change
with ultra-sonication (Fig. 5). Treatment with the micro-orifice
reduced the HSA monomers by 3.3 ± 0.3 %, and the dimeric
form increased by the same amount (Fig. 6). Although both

systems generated the same amount of radicals, the aggrega-
tion behavior was different. We also increased the incubation
time for the ultra-sonication homogenizer to 30 min. After
30 min the hydroxyl radical concentration was similar to the
Fenton’s reaction after 1 min but we did not find increased HSA
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Figure 6. HP-SEC samples of HSA treated with the micro-orifice. Untreated HSA (green) was compared to an experiment with (red) and
without the micro-orifice (blue). The decrease in monomeric HSA and the increase in dimeric HSA by the micro-orifice treatment is visible.

aggregation. The Intensity of hydroxyl radicals per time is most
reasonable not high enough. However, we also processed a HSA
sample with the ultra-sonication homogenizer for 1 h. After this
time we could notice increased aggregation. Although we used
a circulation bath to cool the sample, the homogenizer pro-
duced a lot of heat. We measured the tip temperature after 1 h
and obtained 58°C. Therefore, aggregation in samples treated
longer than 30 min with this specific setup is most likely gener-
ated by the hot sonication tip and not related to cavitation. In
contrast, Fenton’s reaction at pH 9 resulted in 9.5 % ± 1.6 %
protein aggregation (Fig. 5). However, at alkaline pH we also
lose a certain amount of HSA due to co-precipitation with iron
hydroxide [41, 42]. We showed that this effect occurred with-
out the addition of hydrogen peroxide at pH 9; thus, under the
prevailing buffer conditions, oxidation of Fe(II) to Fe(III) oc-
curs spontaneously. We lost 41.7 ± 2.1% of the HSA due to
this treatment, which is more than the amount obtained from
the effect of hydroxyl radicals. However, when adding hydrogen
peroxide to the protein solution, the additional 9.5% protein
loss was most likely due to the fast release of hydroxyl radi-
cals in Fenton’s reaction. Although a maximum of 2 mM iron
was available in the reaction solution, the spontaneous oxida-
tion of Fe(II) to Fe(III) without peroxide [43] may explain the
rather low generation rate of 3.82 μmol/L after 10 min. We also
performed Fenton’s reaction at pH 3, which resulted in total
protein aggregation without any undesired iron hydroxide
(Fig. 5). Unfortunately, we were not able to measure hydroxyl
radical formation due to the insolubility of TPA at acidic pH. We
assume that the amount of hydroxyl radicals generated by cavita-
tion is most reasonable not high enough to cause relevant protein
aggregation. Although the generation of hydroxyl radicals by cav-

itation is evident it is unclear if these radicals are the driving force
for protein aggregation or DNA fragmentation [12]. Protein ag-
gregation by cavitation was already described for an antibody and
recombinant human growth hormone (rhGH) [44]. No chemi-
cal modifications was found for the antibody while the data for
rhGH was inconsistent. Recent research on cavitation did also
not find radial associated oxidation of an antibody by cavita-
tion events [45]. However, in both studies protein aggregation
could be noticed, which indicates that the driving force behind
cavitation induced aggregation is more reasonable the gener-
ated surface area and not hydroxyl radicals. Additionally the de-
scribed aggregation could be suppressed with surfactant. Hence
we suggest that the aggregation mechanism towards air/liquid
interfaces by shaking and cavitation is similar. Further, we could
suppress cavitation inside the micro-orifice by inserting a flow
restrictor downstream of the micro-orifice, which allowed us to
investigate the influence of isolated high shear rates on protein
aggregation (Fig. 5). No additional HSA dimers were formed
and the monomer content did not change. Therefore, the de-
scribed generation of dimers obtained by the micro-orifice was
most likely due to the additional surface area generated by the
device. We observed that, although the cavitation intensity was
higher for the ultra-sonic homogenizer, the stability of vapor
cavities was higher with the micro-orifice; several bubbles were
still visible several centimeters downstream from the orifice. Al-
though the protein solution was degassed, the described sta-
bilization of vapor cavities downstream of the orifice was most
likely due to the protein. Thus, the aggregating effect of cavitation
is likely less correlated with hydroxyl radical intensity, but rather
with the surface area and stability of vapor cavities. Mechani-
cal stress in form of extensional flow was recently proposed as
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mechanism for aggregation [4]. However, the most relevant con-
trol experiment has not been conducted, namely the influence
of the plunger. Protein aggregation in those experiments most
reasonable occured due to the friction between the plunger and
the wall. In our experiments the impact of the shear, cavitation,
friction between the piston and sealing, and particle formation
by abrasion by the position of the pumps was corrected in order
to be able to observe the impact of the orifice. Although we did
not calculate the extensional flow strain due to the higher ve-
locity gradient it is above the described value. Hence, we think
that neither shear nor extensional force is able to unfold proteins
under isolated conditions. On the other side we came to the con-
clusion that the increase in vapor/liquid interfaces generated by
cavitation is a reasonable mechanism for aggregation. However,
for future work the focus should be set to analyze cavitation me-
diated protein aggregation with additional methods. Dynamic
light scattering analysis could be used to track insoluble particle
formation while circular dichroism could be used to get a better
insight into secondary structural alterations.

4 Concluding remarks

In the present study, we demonstrated that HSA did not aggre-
gate due to cavitation-mediated hydroxyl radicals, as insufficient
radicals were generated. Although hydroxyl radicals belong to
the most aggressive radical species, even the high energy input
of the ultra-sonic homogenizer did not have a high enough gen-
eration rate to alter HSA aggregation level. However, a change in
HSA aggregation behavior was observed when pumping through
the micro-orifice. Due to our validated CFD simulation, we cal-
culated an average shear rate and stress of 1.2 × 106 s−1 and
1200 Pa, respectively. Although the shear stress applied to the
proteins was higher than reported elsewhere in the literature,
when cavitation was suppressed and the pumping rate the same,
HSA aggregation did not occur. We conclude that the impact
of isolated shear conditions on protein integrity is low. Never-
theless, we observed HSA aggregation when cavitation occurred.
Therefore, the increased surface area due to cavitation bubble
growth was identified to be responsible for aggregation. Our fu-
ture work will evaluate the effect of cavitation on the behavior of
structurally different proteins at different concentrations. Fur-
ther, we want to compare protein aggregation behavior during
cavitation with air/liquid interfaces and address the aggregation
mechanism.

Practical application

The influence of high shear rates and cavitation on the ag-
gregation/destruction of proteins is not fully understood.
We developed a methodology to mimic both cavitation and
extremely high shear rates to investigate protein behavior.
The method is able to discriminate the effects of both me-
chanical shear stress and cavitation and will serve as a tool
for root cause analysis when proteins aggregate during bio-
processing, as well as to predict if a protein is resistant to
cavitation and shear stress.
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Nomenclature

A [m2] area of a certain mesh face front
Ca [-] dimensionless cavitation number
d [m] diameter of a tube
h [h] distance between two mesh cells

Ṁ [kg/s] mass flow average
p [kg/(m s2)] local pressure

pv [kg/(m s2)] vapor pressure of a liquid
Q [m3/s)] volumetric flow rate

r [m] radius of a tube
Re [-] Reynolds number

v [m/s] velocity

Greek symbols

ρ [kg/m3] density
γ [s−1] shear rate

μ [kg/(m s)] dynamic viscosity
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[26] Hoffmann, M. R., Hua, I., Höchemer, R., Application of ultra-
sonic irradiation for the degradation of chemical contaminants
in water. Ultrason. Sonochem. 1996, 3, S163–S172.

[27] Naffrechoux, E., Chanoux, S., Petrier, C., Suptil, J., Sonochem-
ical and photochemical oxidation of organic matter. Ultrason.
Sonochem. 2000, 7, 255–259.

[28] Hammond, T. G., Hammond, J. M., Optimized suspension
culture: the rotating-wall vessel. Am. J. Physiol. 2001, 281, F12–
F25.

[29] Bird, R. B., Stewart, W. E., Lightfoot, E. N., Transport Phe-
nomena 2nd ed., John Wiley & Sons, New York, New York,
2002.

[30] Brückl, L., Schröder, T., Scheler, S., Hahn, R. et al., The Effect
of shear on the structural conformation of rhGH and IgG1 in
free solution. J. Pharm. Sci. 2016, 105, 1810–1818.

[31] Thompson, B. R., Maynes, D., Webb, B. W., Characterization
of the hydrodynamically developing flow in a microtube using
MTV. J. Fluids Engineer. Transact. ASME 2005, 127, 1003–1012.

[32] Maa, Y. F., Hsu, C. C., Protein denaturation by combined effect
of shear and air-liquid interface. Biotechnol. Bioeng. 1997, 54,
503–512.

[33] Wieland, D. C. F., Garamus, V. M., Zander, T., Krywka, C. et al.,
Studying solutions at high shear rates: a dedicated microfluidics
setup. J. Synchrotron Radiat. 2016, 23, 480–486.

[34] Thomas, C. R., Dunnill, P., Action of shear on enzymes: Studies
with catalase and urease. Biotechnol. Bioeng. 1979, 21, 2279–
2302.

[35] Virkar, P. D., Narendranathan, T. J., Hoare, M., Dunnill, P.,
Studies of the effect of shear on globular proteins: extension to
high shear fields and to pumps. Biotechnol. Bioeng. 1981, 23,
425–429.

[36] Dhanalakshmi, N. P., Nagarajan, R., Ultrasonic intensification
of the chemical degradation of methyl violet: an experimental
study. Internat. J. Chem. Mol. Nucl. Mater. Metallurg. Engineer.
2011, 5, 6.

[37] Juretic, H., Montalbo-Lomboy, M., Van Leeuwen, J., Cooper,
W. J. et al., Hydroxyl radical formation in batch and continuous
flow ultrasonic systems. Ultrason. Sonochem. 2015, 22, 600–
606.

[38] Neyens, E., Baeyens, J., A review of classic Fenton’s peroxidation
as an advanced oxidation technique. J. Hazard. Mater. 2003, 98,
33–50.

[39] Lide, D. R., Handbook of Chemistry and Physics 65th ed., CRC
Press, Boca Raton, FL, 1984, 2312.

[40] Jung, Y. S., Lim, W. T., Park, J. Y., Kim, Y. H., Effect of pH on
Fenton and Fenton-like oxidation. Environ. Technol. 2009, 30,
183–190.

[41] Haase, C., Stieler, J. T., Arendt, T., Holzer, M., Pseudophos-
phorylation of tau protein alters its ability for self-aggregation.
J. Neurochem. 2004, 88, 1509–1520.

[42] Yamamoto, A., Shin, R. W., Hasegawa, K., Naiki, H. et al., Iron
(III) induces aggregation of hyperphosphorylated τ and its
reduction to iron (II) reverses the aggregation: Implications in
the formation of neurofibrillary tangles of Alzheimer’s disease.
J. Neurochem. 2002, 82, 1137–1147.

[43] Stumm, W., Lee, G. F., The chemistry of aqueous iron. Schweiz-
erische Zeitschrift für Hydrologie 1960, 22, 295–319.

[44] Randolph, T. W., Schiltz, E., Sederstrom, D., Steinmann, D.
et al., Do not drop: Mechanical shock in vials causes cavita-
tion, protein aggregation, and particle formation. J. Pharm.
Sci. 2015, 104, 602–611.

[45] Torisu, T., Maruno, T., Hamaji, Y., Ohkubo, T. et al., Synergistic
effect of cavitation and agitation on protein aggregation. J.
Pharm. Sci. 2017, 106, 521–529.

178 C© 2017 The Authors. Engineering in Life Sciences published by Wiley-VCH Verlag GmbH & Co. KGaA


