
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 3

/2
8/

20
26

 8
:2

5:
49

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
About the mecha
aInstitute of Chemistry, University of Pots

Potsdam, Germany
bFraunhofer Institute for Applied Polymer

Potsdam, Germany. E-mail: dmitry.grigoriev

† Electronic supplementary information
protocols. See DOI: 10.1039/d0ra08100k

Cite this: RSC Adv., 2021, 11, 16152

Received 22nd September 2020
Accepted 20th April 2021

DOI: 10.1039/d0ra08100k

rsc.li/rsc-advances

16152 | RSC Adv., 2021, 11, 16152–1615
nism of ultrasonically induced
protein capsule formation†

Ulrike Doering,a Dmitry Grigoriev, *b Kosti Tapio,a Sophia Rosencrantz,b

Ruben R. Rosencrantz, b Ilko Bald a and Alexander Böker ab

In this paper, we propose a consistent mechanism of protein microcapsule formation upon ultrasound

treatment. Aqueous suspensions of bovine serum albumin (BSA) microcapsules filled with toluene are

prepared by use of high-intensity ultrasound following a reported method. Stabilization of the oil-in-

water emulsion by the adsorption of the protein molecules at the interface of the emulsion droplets is

accompanied by the creation of the cross-linked capsule shell due to formation of intermolecular

disulfide bonds caused by highly reactive species like superoxide radicals generated sonochemically. The

evidence for this mechanism, which until now remained elusive and was not proven properly, is

presented based on experimental data from SDS-PAGE, Raman spectroscopy and dynamic light scattering.
In the past three decades, protein microcapsules have been
attracting increasing interest due to their potential applications
as drug carriers in the elds of biomedicine and pharmaceuti-
cals.1–5 Suslick and coworkers have developed a method6 to
prepare aqueous suspensions of protein-based microcapsules
lled with water-insoluble liquids using high-intensity ultra-
sound including bovine serum albumin (BSA), human serum
albumin (HSA), hemoglobin (HB) and myoglobin (MB).6–8 In the
early 2000's, Gedanken and coworkers again demonstrated the
effectiveness of the sonochemical method for the synthesis of
protein microcapsules, which does not utilize any toxic ingre-
dients and is fast and economical.9,10 It is widely accepted that
the capsule formation is a result of two very fast subsequently
occurring phenomena: emulsication and shell cross-
linking.6,11–13 The ultrasonic treatment of a two-phase liquid
system leads to the formation of oil-in-water (O/W) emulsion
stabilized by protein molecules adsorbed at the interface of
emulsion droplets. Additionally, the propagation of the ultra-
sound wave through a liquid medium produces acoustic cavi-
tations, i.e. the formation, growth and collapse of bubbles. The
collapse is a very fast adiabatic process and yields highly reac-
tive radicals11,14,15 like superoxide. Suslick et al. proposed that
the superoxide radicals cause the reaction between thiol groups
in cysteines, which are present in BSA, HSA and HB, and that
the protein capsule shells are held together by cross-linking
through interprotein disulde linkages arising from this
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oxidation of cysteine. Additionally, they compared MB, which
does not possess cysteine, and HB. A substantial decrease in
protein capsule yield was revealed for Mb relative to HB.6–8

However, the BSA structure possesses only one thiol group
enabling solely the formation of dimers but not a cross-linked
network. Moreover, Gedanken et al. demonstrated in addition
to the ndings of Suslick et al. the possibility of ultrasonically
driven formation of microcapsules made of streptavidin, which
does not contain any cysteine.16 The authors hypothesize that
hydrophobic interactions or thermal denaturation of the
protein aer the initial ultrasonic emulsication support the
microcapsule formation. Further development of these ideas
continued more recently in the works of Cavaco-Paulo and
collaborators,17,18 where the cysteine-free mechanism of ultra-
sonically driven protein capsule formation was clearly demon-
strated. At the same time, these publications do not contain any
evidences refuting unambiguously the mechanism suggesting
the formation of intermolecular disulde bridges upon high-
intensity ultrasound treatment, proposed earlier by Suslick
et al.6–8,11 Moreover, there are until now no scientic studies,
which either present an unequivocal substantiation or demon-
strate a clear rebuttal of this mechanism. In particular chemical
processes behind it remain elusive.

In this work, we present several experimental proofs point-
ing towards the formation of intermolecular S–S bonds in the
capsule shell and corresponding structural changes of the
protein during this process.

We followed Suslick's method and successfully synthesized
BSA microcapsules loaded with toluene by using high-intensity
ultrasound (see ESI†), veried by Cryo-SEM. Microcapsules
exhibit a spherical morphology and have protein shells with the
average thickness of several tens of nanometers (Fig. 1A). Fig. 1B
shows the toluene-loaded capsules with uorescently labelled
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Cryo-SEM image of proteinmicrocapsules loaded with toluene.
Enlarged image of the cross section of amicrocapsule presented in the
right corner of the image (A); fluorescence microscopy images of
collapsed RITC labelled BSA microcapsules after one week aging,
prepared by sonication (B) and by means of vortex mixer (C).

Fig. 2 Coomassie-stained SDS-PAGE gel of empty BSA microcap-
sules, which were loaded with toluene, and pristine BSA. Lanes 1 and 6:
reference marker; lane 2: empty capsules (dialyzed); lane 3: sample 2
treated with DTT; lane 4: empty capsules (washed with dropping
funnel); lane 5: sample 4 treated with DTT; lane 7: pristine BSA; lane 8:
pristine BSA treated with DTT.
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shells aer one-week storage at standard laboratory conditions.
The capsule cores made of volatile toluene were evaporated and
only the thin protein-based capsule shells and shell fragments
remained. Clearly different results were obtained for capsules
prepared by use of a vortex mixer (IKASONIC U50 control, IKA
Werke Germany) (Fig. 1C). Aer a week, only residual protein
debris with wide variability of shapes were observed without any
evidences of empty capsule shells or their fragments.

This essentially lower stability of capsules generated by
vortex suggests that even a vigorous shaking of toluene with an
aqueous protein solution still does not possesses an energy
enough to induce permanent covalent crosslinking of the
capsule protein shells.

To examine the protein cross-linking in the microcapsule
shell via disulde bonds and to shed more light on the mech-
anism of their formation, we performed SDS-PAGE (for more
details see ESI†).

Fig. 2 shows the SDS-PAGE assay of empty BSA microcap-
sules and pristine BSA as control before and aer the treatment
with dithiothreitol (DTT). This reducing agent was used for the
reductive cleavage of disulde bonds within the protein as well
as in the cross-linked proteinaceous shells. The empty BSA
microcapsules in lanes 2 and 4 show numerous diffuse bands in
the SDS-PAGE assay, especially at higher molecular weights in
the range from 140 kDa to >310 kDa. This means that the
© 2021 The Author(s). Published by the Royal Society of Chemistry
microcapsule shells contain some proteinaceous components
in this molecular weight range.

However, distinct bands at approximately 55 kDa can also be
observed, still indicating the presence of a signicant amount
of monomeric BSA in the shells, as follows from the comparison
with the pristine BSA in lane 7. Here, in addition to the prom-
inent main band at 55 kDa, only a slight smearing between 140
kDa and 240 kDa can be seen but no smear or diffuse bands
above 240 kDa are visible. The observed appearance of the lane
7 for the pristine BSA is in a good agreement with the data in the
literature, both in well-known as well as in recently published
works.19–27 Notably also, the view of the pristine BSA's lane
practically did not depend on the protein concentration in
a wide range (from 3 mg to 50 mg) of the concentrations studied,
well coinciding with the formerly reported results.20,24,27 Espe-
cially in the parts of SDS-PAGE assays corresponding to higher
Mw, neither essential changes nor an occurrence of additional
bands indicating the presence of high-molecular components
were detected.

Moreover, this property of BSA to maintain a well-resolved
lane pattern over a broad concentration range has enabled its
use as a standard protein in the SDS-PAGE assays, which utilize
a BSA dilution series.28

Under the assumption that DTT can cleave both inter- and
intramolecular S–S bonds, the comparison of lanes 3, 5 and 8
enables the conclusion that the shells of protein capsules,
although to an essential extent cross-linked via intermolecular
disulde bonds between BSA may also contain molecules
bound together by other forces such as hydrogen bonds or
hydrophobic interactions.
RSC Adv., 2021, 11, 16152–16157 | 16153
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Fig. 3 Raman spectra for: (A) pristine BSA (black), dried BSA–toluene-
capsules (red), toluene (green), (B) capsules treated with DTT (blue)
and (C) pristine BSA treated with DTT (light blue). Data acquisition
conditions: excitation wavelength¼ 488 nm; laser power density¼ 3.7
� 104 W cm�2.
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Dynamic light scattering (DLS) is known as a simple and
quick experimental technique to identify and measure the size
of various, especially globular proteins27,29 in a non-invasive
manner. Since the intensity weighted (Z-average) peak will
change its mean size and its width even at small changes in
population sizes in the sample, DLS is proven to be an extremely
sensitive method enabling clear comparisons between pop-
ulations existing in samples and identication of samples
where essential dimerization, oligomerization or aggregation30

are happening. Therefore, to verify the SDS PAGE ndings
described above we carried out the DLS measurements for
samples of pristine monomeric BSA, empty BSA capsules and
BSA chemically cross-linked with glutaraldehyde (GA). The
corresponding results are presented in the ESI for our manu-
script (Fig. S1).† As one can see, the DLS spectrum of the pris-
tine BSA displays only one peak around 6 nm, which correlates
well with the hydrodynamic diameter of monomeric BSA.27,31–33

In contrast to this spectrum, the DLS-spectrum for ultrasoni-
cally cross-linked BSA demonstrates two very distinct peaks; one
– in the same size range as for the pristine BSA and the second
one – at around 130 nm. The rst of these two peaks corre-
sponds to the abovementioned BSA monomers. The second one
can be attributed to the cross-linked BSA oligomers occurred
due to ultrasound treatment. The DLS spectrum for the chem-
ically cross-linked BSA only displays a single peak at approxi-
mately 80 nm, which reects the presence of BSA in this sample
practically solely in the oligomeric form resulted from chemical
cross-linking. This set of results proves undoubtedly the
formation of the BSA oligomers caused by sonication. In addi-
tion, a well-pronounced peak in the lower nanometer range for
ultrasonically treated BSA indicates that monomeric BSA is still
present in signicant amounts. Taking into account the relative
sizes of peaks for both monomeric and oligomeric fractions of
BSA in this sample, one can estimate30 the amount of latter as
high as several mol%. On the other hand, the low-molecular-
weight oligomers whose presence in sonicated samples can be
inferred from SDS-PAGE data, are probably either too small or
form too minor fractions to cause additional peaks in the DLS
spectrum. Moreover, the application of the empirical equation
between the size and molecular weight of globular proteins34

yields an approximate molecular weight of oligomeric BSA of
many millions of Da. Obviously, such large oligomers cannot be
detected by analytical techniques like electrospray ionization
mass-spectrometry (ESIMS) or Matrix Assisted Laser Desorption
Ionization-Time-of-Flight mass spectrometry (MALDI-TOF).35–37

The low sensitivity of MALDI-TOF could probably be con-
nected36 the fact that MALDI generates ions with essentially
lower charge38 than ions obtained by electrospray ionization
ESI,35 which could lead to very high values of m/z even in the
case of tri- or tetramers of cross-linked BSA. For this reason,
investigations of proteins/biopolymers of high molecular
weight by means of MALDI-TOF are rare, especially atMw $ 100
kDa. In this case, even the usage of very high acceleration
voltage does not allow37 to achieve a detection efficiency higher
than 25%.

To understand whether the capsule formation affects disul-
de bonds in BSA and, if so, what transformations occur in
16154 | RSC Adv., 2021, 11, 16152–16157
protein molecules during this process, Raman spectra
measurements were performed for the pristine BSA, toluene
and dried BSA microcapsules (see Fig. 3A). Raman spectroscopy
is sufficiently sensitive to detect and resolve the protein
conformational changes on the basis of spectral changes in the
low frequency range,39 in contrast to FTIR spectroscopy, which
can be used to monitor changes in the three-dimensional
© 2021 The Author(s). Published by the Royal Society of Chemistry
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structure of proteins as it was successfully done by Silva et al.17

The FTIR results and simulations presented in this paper
substantiate that the capsule formation and their following
stabilization can be caused by the spatial rearrangement of
protein molecules at the oil–water interface upon ultrasound
treatment and by following hydrophobic interactions of corre-
sponding moieties in the protein molecules with changed
conformation. With that, the presence of cysteine groups is not
necessary for the formation of a stable capsule shell.17,18 On the
other hand, the mechanism involving the ultrasonically
induced covalent cross-linking of BSA molecules in the capsule
shell via intermolecular S–S bridges formation is nowhere
controverted or denied in the paper of Silva et al. and in other
publications of the Cavaco-Paulo's group.17,18 FTIR used therein
as a main analytical tool is simply not sensitive enough for
undoubtful conrmation or refutation of this phenomenon.39

Thus, Cavaco-Paulo and co-authors did not exclude the mech-
anism of covalent cross-linking between proteins in capsules via
disulde bonding but admitted such a possibility along with
other physically or physicochemically driven mechanisms of
capsule stabilization. These authors have also at no point
claimed that this mechanism is a major reason for proteina-
ceous capsule formation; on the contrary, they suggested the
plurality of various mechanisms leading to the formation of
protein capsules:18 “the possibility to form protein capsules
from proteins like silk broin and cysteine-free peptides indi-
cates the presence of further driving forces in addition to
covalent cross-linking, namely hydrophobic, electrostatic
interactions and enhanced mass transport, induced by ultra-
sound in liquid media”. The major bands that appear in the
Raman spectrum of BSA are the amide I (�1655 cm�1), CH2 and
CH3 bending (�1449 cm�1), amide III (�1200–1300 cm�1) and
S–S stretching vibration (�510 cm�1). The amide I band around
1650 cm�1 along with the broad amide III band around
1300 cm�1 show that the secondary structure of BSA is mainly in
a-helix form.40,41 The peak at 510 cm�1 refers to the disulde
bonds of the cystine in the pristine BSA. In general, the S–S
stretching vibration can appear in the 450–550 cm�1 range
depending on the surrounding molecular structure, which
makes this part of Raman spectra useful for the characteriza-
tion of structural changes in proteins. Nonetheless, the inter-
pretation of the disulde peak position is not simple since
several competing models have been proposed explaining the
correlation between the peak wavenumber position and
conformation of the molecule containing the corresponding
bond. One model proposes that the wavenumber position of the
S–S stretching vibration is dependent on the torsional angles in
the Ca–Cb–S–S–Cb0–Ca0 conformation.42,43 In this instance, the
peak position of the S–S stretching vibration should appear at
510 cm�1 for the lowest energy gauche–gauche–gauche (g–g–g)
conformation, at 525 cm�1 for the higher energy gauche–gau-
che–trans (g–g–t) conformation and at 540 cm�1 for the highest
energy trans–gauche–trans (t–g–t) conformation. Accordingly,
the disulde bonds in BSA have a g–g–g conformation. However,
this theory does not explain the shi of S–S stretching vibration
to wavenumbers below 510 cm�1 as can be seen in the Raman
spectrum of the dried BSA–toluene capsules at 487 cm�1 (Fig. 3A
© 2021 The Author(s). Published by the Royal Society of Chemistry
and B, red spectra). This band can also not be attributed to
traces of toluene as follows from its Raman spectrum (Fig. 3A,
green spectrum). In another approach, the Raman shi of the
S–S stretching vibration is dependent on the dihedral angle
between the planes containing the Cb–S and the S–Cb0 bonds of
the Ca–Cb–S–S–Cb0–Ca0 group, respectively.44–46 Disulde bonds
with an S–S stretching vibration with a value near 510 cm�1

should have a Cb–S–S–Cb0 dihedral angle of �90�.47 Although
the mostly observed S–S stretching vibrations exist between 500
and 540 cm�1, the strained disulde groups with dihedral
angles less than �65� are also possible.

Biswas and coworkers observed a peak at 486 cm�1 while
investigating the surfactant protein B (dSP-B1–25) with Raman
spectroscopy.47 This protein is a homodimer with three intra-
molecular disulde bonds and one intermolecular disulde
bridge. On the basis of several interpretations proposed by
these authors for the spectrum of protein B, we suggest the
following explanation for our system: the peak position at
487 cm�1 indicates that there is a highly strained but stable
disulde bond conformation with a dihedral angle in the range
of �10� due to the crosslinking of the neighboring protein
molecules in the capsule shell. We assume that the same strain
could also lead to the increase of the intensity of this peak as
can be observed in the spectrum of dried capsules in Fig. 3.
Relative amounts of intramolecular disulde bonds of BSA and
intermolecular disulde bonds occurred due to the ultrasound
treatment can be compared as follows. Although the intensity of
the same peaks in the different spectra cannot be compared
quantitatively, it is possible to make an inherent comparison of
different peaks in the same spectrum (inherent normalization
of a spectrum)48 and then recognize these results when consider
different spectra. In accordance with this, the relative intensity
of the disulde band at 510 cm�1 in the spectrum of the pristine
BSA is quite low comparing with the intensity of the amide I
peak at 1655 cm�1 (black spectrum in the Fig. 3A). On the other
hand, the relative intensity of the band for the intermolecular
disulde bridges in the capsule shell (487 cm�1) is higher than
the intensity of the amide I peak at 1655 cm�1 in the sample
containing only BSA capsules (red spectra in the Fig. 3A and B).
This qualitative comparison indicates that the relative intensity
of the band for the residual intramolecular S–S bridges at
510 cm�1 in the spectrum for BSA capsules should be lower
than the band corresponding to intermolecular S–S bridges in
the capsule shell at 487 cm�1, i.e. the contribution of intermo-
lecular S–S bridges to the resulting Raman spectrum in the low-
frequency range is prevalent and the results suggest that
a signicant amount of intramolecular bridges is converted into
intermolecular ones. Moreover, the right shoulder of the
stronger peak at 487 cm�1 can cover the weak residual signal at
510 cm�1 almost completely. Furthermore, the Raman spec-
trum of the capsules shows an additional peak at 709 cm�1,
which refers to the C–S stretching vibration of the N–C–C–S–S
moieties with N and S–S in the trans-conformation.47 This is
another hint for the intermolecular cross-linking in the shells
causing the conformational changes in the BSA molecules aer
the capsule formation. Additionally, the capsules spectrum
shows a band around 1450 cm�1, which is assigned to the CH2
RSC Adv., 2021, 11, 16152–16157 | 16155

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08100k


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 3

/2
8/

20
26

 8
:2

5:
49

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and CH3 bending vibration, and one around 1410 cm�1 corre-
sponding to the C]O stretching vibration of dissociated
carboxyl groups.49 On the contrary, this band appears only as
a shoulder in the spectra of the pristine BSA and DTT treated
capsules. The observed difference could be explained by the
reduction of the band intensity at 1450 cm�1 due to sterical
constraints in the local surrounding of CH2 moieties caused by
the intermolecular crosslinking at the capsule formation. Thus,
the C]O stretching vibration around 1410 cm�1 becomes
visible as an individual peak in the capsules' spectrum.

Fig. 3B shows the Raman spectrum of the BSA capsules aer
the treatment with DTT and subsequent dialysis in comparison
to the spectra of the capsules before the cleavage of the disulde
bonds and of the pristine BSA. The two additional peaks at
487 cm�1 and 709 cm�1 in the capsule spectrum are not present
aer the reaction with DTT. Furthermore, the peaks of the
dissolved capsules correlate with the peaks of pristine BSA. This
demonstrates that aer the cleavage of the S–S bonds initial
structure of BSA was regained. We also investigated the effect of
DTT to pristine BSA (see Fig. 3C). The Raman spectra of BSA
before and aer the treatment with DTT are nearly identical,
which allows the assumption that aer removal of the DTT by
dialysis, the thiol groups of the BSA molecules could be easily
rearranged back to intramolecular S–S bonds, e.g. by an oxida-
tive action of oxygen from the air.

The detailed analysis of Raman spectra for pristine BSA,
empty BSA capsules and the samples cleaved with DTT brings
additional evidences for the formation of intermolecular S–S
bonds in the BSA composing the capsule shells and therefore
conrms the ndings of the SDS PAGE discussed above.
However, the network formation requires the cross-linking of
several groups whereas BSA in its native form possesses only
one thiol group, which can be oxidized by superoxide radicals.
Thus, BSA dimers and not a cross-linked network could theo-
retically be formed. This inconsistency can be resolved by taking
into account the results of Zhang and coworkers, who investi-
gated the effect of ultrasound on the thiol groups and disulde
bonds of wheat gluten.50 According to their ndings, the ultra-
sound treatment can dynamically change the amount of thiol
groups and disulde bonds in the protein. Aer a few minutes
of ultrasound treatment, the content of thiol groups was rapidly
increased due to the sonochemical reduction of disulde bonds
and reached the value up to three times the initial amount. On
the contrary, the content of disulde bonds was quickly
decreased up to 20% and then uctuated within the same time
interval. Assuming the similar effects in the case of BSA we can
suggest that the cross-linking mechanism leading to the
formation of a stable capsule shell is based on the rearrange-
ment of disulde bonds upon ultrasonication. Since the native
BSA molecule contains 17 intramolecular disulde bonds, it is
reasonable to assume that ultrasonically induced reductive
cleavage of approx. 20% of them should yield 3 to 4 thiol groups
in addition to the single thiol group in the pristine BSA. These
groups can be then easily oxidized by the superoxide radicals
leading to the formation of new intermolecular disulde bonds
and a cross-linked network. The rearrangement of intra-
molecular disulde bonds into intermolecular ones can explain
16156 | RSC Adv., 2021, 11, 16152–16157
how BSA with only one oxidizable native thiol group can be
cross-linked and form the shell of the microcapsules.

In this work, the experimental evidences of ultrasonically
induced cross-linking of the BSA in the shells of protein-based
microcapsules are demonstrated. Comparison of the results of
SDS-PAGE and Raman spectroscopy for the BSA in the capsule
shells, for the products of their reductive cleavage and for the
pristine BSA showed that the BSA molecules in the shells are to
an essential extent cross-linked via disulde bridges between
neighboring molecules. Additionally, the presence of further
effects like hydrogen bonds or hydrophobic interactions may
also stabilize the protein capsules. Therefore, the concept
proposed many years ago by Suslick and co-workers is
conrmed analytically for the rst time. Moreover, in contrast to
the Suslick's insufficiently substantiated hypothesis, a consis-
tent mechanism for the formation of intermolecular disulde
bonds in capsule shells is proposed based on experimental data
on the redistribution of thiol and disulde groups in BSA under
the action of high-energy ultrasound.
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and C. L. Galli, Lett. Pept. Sci., 1997, 4, 269–273.
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