JYVASKYLAN YLIOPISTO
H UNIVERSITY OF JYVASKYLA

This is a self-archived version of an original article. This version
may differ from the original in pagination and typographic details.

Author(s): Doering, Ulrike; Grigoriev, Dmitry; Tapio, Kosti; Bald, Ilko; Boker, Alexander

Title: Synthesis of nanostructured protein—mineral-microcapsules by sonication

Year: 2022

Version: pyblished version

Copyright: © The Royal Society of Chemistry 2022
Rights: ccay 4.0

Rights url: https://creativecommons.org/licenses/by/4.0/

Please cite the original version:

Doering, U., Grigoriev, D., Tapio, K., Bald, I., & Boker, A. (2022). Synthesis of nanostructured
protein—mineral-microcapsules by sonication. Soft Matter, 18(13), 2558-2568.
https://doi.org/10.1039/D1SM01638E



¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

Soft Matter

View Article Online

View Journal

Synthesis of nanostructured protein—mineral-

’ '.) Check for updates ‘
microcapsules by sonicationt

Cite this: DOI: 10.1039/d1sm01638e

Ulrike Doering,® Dmitry Grigoriev, (2 *° Kosti Tapio,* Ilko Bald (¢ and

Alexander Boker (2°

We propose a simple and eco-friendly method for the formation of composite protein—mineral-
microcapsules induced by ultrasound treatment. Protein- and nanoparticle-stabilized oil-in-water (O/W)
emulsions loaded with different oils are prepared using high-intensity ultrasound. The formation of thin
composite mineral proteinaceous shells is realized with various types of nanoparticles, which are pre-
modified with Bovine Serum Albumin (BSA) and subsequently characterized by EDX, TGA, zeta potential
measurements and Raman spectroscopy. Cryo-SEM and EDX mapping visualizations show the
homogeneous distribution of the densely packed nanoparticles in the capsule shell. In contrast to the
results reported in our previous paper,! the shell of those nanostructured composite microcapsules is
not cross-linked by the intermolecular disulfide bonds between BSA molecules. Instead, a Pickering-
Emulsion formation takes place because of the amphiphilicity-driven spontaneous attachment of the
BSA-modified nanoparticles at the oil/water interface. Using colloidal particles for the formation of the
shell of the microcapsules, in our case silica, hydroxyapatite and calcium carbonate nanoparticles, is
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promising for the creation of new functional materials. The nanoparticulate building blocks of the
composite shell with different chemical, physical or morphological properties can contribute to
DOI: 10.1039/d1sm01638e additional, sometimes even multiple, features of the resulting capsules. Microcapsules with shells of

densely packed nanoparticles could find interesting applications in pharmaceutical science, cosmetics or

Open Access Article. Published on 14 March 2022. Downloaded on 3/22/2022 11:08:27 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/soft-matter-journal in food technology.

Introduction

Over the course of the last two decades, several methods for the
synthesis of microcapsules with shells of various materials were
presented. The capsules have been prepared from self-assembled
biomolecules** through layer-by-layer (LbL)-assembly,*® or by using
emulsion droplets as template.”® These droplets can be stabilized
by proteins’ or nanoparticles (NPs) forming so-called Pickering
emulsions.”™" An emulsion has the advantages of a one-pot synth-
esis and of the possibility to control the size of the droplets and
therefore of the resulting capsules. Those capsules are used for the
encapsulation of various compounds, such as nutrients,'
fragrances,"® pharmaceuticals'* and catalysts."®

The choice of the wall material is an important aspect of the
capsules. Inorganic materials can endure higher temperatures
and exhibit higher rigidity. The novel physical features created
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by the formation of a densely packed spherical shell from colloidal
building blocks have attracted increasing interest. Most commonly
used materials in the scientific fields of biomedicine are calcium
carbonate,'® calcium phosphate”® and silica.®'® The choice of
colloids can control the physical characteristics of the microcap-
sules, including biocompatibility, permeability and mechanical
strength. Then again, biopolymers as wall material have the benefit
that their properties can be adjusted with the possibility to make
them stimuli-responsive enabling a controlled release of loaded
substances.>"”"*® Further benefits are their biodegradability, natural
abundance and low costs.

Proteins have also been thoroughly examined as biological
building blocks for capsule shells. They offer various advantages
with their structural and chemical versatility, amphiphilic character
and emulsifying properties.”® Suslick and Grinstaff developed a
technique for the synthesis of protein microcapsules using
ultrasound.”® First, the ultrasonic treatment of a two-phase liquid
system takes place resulting in an oil-in-water (O/W) emulsion
stabilized by protein molecules, which cross-link at the interface
via disulfide bonds. This cross-linking is initiated by the superoxide
radicals created from the ultrasound energy leading to oil loaded
protein microcapsules. With this technique, microcapsules with
various proteins and controllable sizes can be synthesized.**
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Fig. 1 Synthesis scheme of oil loaded composite BSA microcapsules.

The combination of inorganic nanoparticles and proteins
will enable the synthesis of new hybrid materials.”**>” Here,
we present a fast and economic method for the formation of
composite protein-mineral-microcapsules induced by sonica-
tion in an one-pot-process. Using high-intensity ultrasound
protein- and nanoparticle-stabilized (O/W) emulsions loaded
with different oils were synthesized. Silica, calcium carbonate
and hydroxyapatite (HAP) nanoparticles were used for the
formation of the composite microcapsules. The schematical
illustration of the synthesis of composite protein microcapsules
is given in Fig. 1.

Experimental
Materials

Bovine serum albumin (BSA, >95%) and 3-Aminopro-
pyltriethoxysilane (APTES, 97%) were purchased from Alfa Aesar
(Germany). Toluene (>99.5%) and ethanol (>99.5%) were pur-
chased from Th. Geyer (Germany), Miglyol 812 was purchased from
Sasol (Germany) and mint oil was purchased from Hofmann und
Sommer GmbH (Germany). BisTris (>99%) buffer solution and
dimethylsulfoxid (DMSO, (>99,8%)) were purchased from Carl
Roth (Germany). Diammonium hydrogen phosphate and calcium
nitrate tetrahydrate (>99%) was purchased from VWR (Germany).
Ammonium hydroxide (28-30%) was purchased from Merck (Ger-
many). The aqueous Ludox Cl suspension (aluminum oxide coated
silica NPs, 30% w/v) was purchased from Sigma Aldrich (Germany),
dry silica particles, whose surface was partially modified with
DCDMS (71% of surface silanol groups remained intact) and called
as Si71 were purchased from Wacker GmbH (Germany) and calcium
carbonate NPs, whose surface was modified with stearic acid, was
purchased from GetNanoMaterials (France). Fluorescein isothiocya-

nate (FITC) was obtained from Riedel-de Haén (Germany).

Synthesis of HAP NPs

A diammonium hydrogen phosphate solution (10 mM) was
adjusted to pH = 9 with small amounts of ammonium hydro-
xide solution (1%). A calcium nitrate solution (20 mM) was
added to an equal volume of the diammonium hydrogen
phosphate solution while it was sonicated at an acoustic power
of ~100 W ecm 2 The obtained nanoparticle suspension was
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concentrated by centrifugation and redispersed with a BisTris
solution (20 mM, pH = 7).

Synthesis of composite protein microcapsules

In the first step, the NPs were pre-modified with BSA. For this
purpose, a NP suspension (1% w/v) in distilled water (Ludox ClI,
Si71, CaCO; or HAP) was added dropwise to an equal volume of
a BSA solution (5% w/v) in distilled water with pH 6.7. After
thorough washing process including multistep washing and
subsequent centrifugation at 14 000 rpm, the BSA modified NPs
were redispersed with a BisTris solution (20 mM, pH = 7). The
stearic acid covered CaCO; NPs were hydrophilized before the
pre-modification with BSA by adding NaOH (1 mL, 0.1 M) and
NazPO, (1 mL, 0.1 M) to CaCO; (100 mg) in distilled water
(10 mL) and sonicating the mixture for 1 min. In a cylindrical
vessel, oil (1.4 mL toluene, Miglyol or mint oil) was layered over
a BSA modified NP suspension (2.1 mL). A high-intensity
ultrasonic horn with a tip diameter of 3 mm was placed at
the oil-water interface. To maintain the temperature below
30 °C during ultrasonication, the vessel was positioned in an
ice bath. The systems were sonicated for 3 minutes, except for
the Ludox Cl samples that were sonicated for 1 min, at an
acoustic power of ~200 W cm 2. Simultaneously, the systems
were mixed with a magnetic stirrer.

Fluorescent labelling

FITC (1 mg mL™") was dissolved in DMSO. The FITC solution
(210 pL) was added to the emulsion (3.5 mL) containing the
composite capsules. The resulting solution was mixed by manual
shaking and stored over night at 4 °C in the dark for reaction.

Modification with APTES, FITC and RITC

The Ludox CI NPs (1% w/v) were dispersed in ethanol (5 mL). To
remove residual water the solution was centrifuged at
10000 rpm and redispersed with an equal volume of ethanol.
Subsequently, ammonium hydroxide solution (30%, 0.167 mL)
and APTES (0.06 M, 900 uL) in ethanol were slowly added while
the suspension was mixed with a magnetic stirrer. The mixture
was continuously stirred overnight (ca. 16 h). After further
centrifugation and redispersing in ethanol, FITC solution
(0.5 mg mL ™", 60 pL) in DMSO was added and the mixture

This journal is © The Royal Society of Chemistry 2022
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was stored at 4 °C for 2 h. The suspension was centrifuged
again and then redispersed with BisTris buffer solution
(2.5 mL, 20 mM, pH = 7). Thereafter, a RITC labelled BSA
solution (5% w/v, 2.5 mL) was added, the mixture was once
more centrifuged and redispersed with BisTris (2.5 mL).
Finally, the synthesis of the oil loaded composite protein
microcapsules was carried out as described previously.

Thermogravimetric analysis

The thermal stability of the samples was measured by means of
thermogravimetric analysis (TGA) with a TGA2 LF/1100/885
from Mettler. Each sample was heated from 30 to 700 °C, except
for the hydrophilized CaCO; that was heated up to 800 °C, at a
heating rate 10 °C min~" under air atmosphere.

Zeta potential measurements

The zeta potential of the APTES and FITC modified Ludox Cl
NPs was measured with a Malvern Zetasizer Nano ZS posses-
sing a red 632.8 nm laser.

Cryo scanning electron microscopy

Characterization with cryo scanning electron microscopy was
done on two devices, on a S-4800 (Hitachi SEM, Japan) instru-
ment and a 7500F (Jeol SEM, Japan) one.

Energy dispersive X-ray

EDX spectra were recorded with a Xmax 150 and Xmax 80
(Oxford) mounted on the Jeol 7500F.

Raman spectroscopy

All Raman data was acquired using a Witec Alpha 300 Raman
microscope system (Witec, Ulm, Germany) equipped with a
spectrograph (600 ¢ mm™ ' grating) and an Andor DU401A-BR-
DD-352 CCD camera (Andor, Concord, Massachusetts, USA).
488 nm excitation laser was utilized during the measurements.
Before measurements, the power density was adjusted to
3.7 x 10* W cm > for the 488 nm laser (the estimated spot size is
1.32 pm). The dried samples were placed on empty microscope
slides and slightly pressed and flattened using a spatula. Slides were
put under the microscope and the signal was acquired by measur-
ing single point spectra from different areas. The dried BSA sample
was measured using 12 s integration time and averaging over
20 spectra, the dried BSA-toluene-capsule sample with 8 s and
30 spectra averaging, the Ludox Cl sample with 1 s and 100 spectra
averaging, the BSA modified Ludox Cl and the dried BSA-Ludox Cl-
toluene-capsule samples with 5 s and 100 spectra averaging. The
Si71, the BSA modified Si71, the HAP and the BSA modified HAP
samples were measured using 5 s integration time and averaging
over 60 spectra.

Results and discussion

Characterization of the modified nanoparticles

Coating the NPs with BSA enables their ability to stabilize
(O/W) emulsions and thereby the formation of composite

This journal is © The Royal Society of Chemistry 2022
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protein-mineral microcapsules. HAP, Ludox Cl silica particles,
whose surface was partially modified with dichlorodimethylsi-
lane (DCDMS) and called from now on as Si71 as well as
calcium carbonate NPs were characterized with TGA, Zetasizer,
SEM, EDX and Raman spectroscopy.

Fig. 2 shows how the ZP of BSA, Ludox Cl and HAP changes
at different pH values and the zeta potential values of pristine
and BSA modified nanoparticles are listed in Table 1.

As reported in the literature the isoelectric point (IEP) of BSA
is at pH 4.7*® and above this pH value, BSA is negatively
charged. In contrast, the Ludox Cl NPs have a strongly positive
charge, which is the perfect precondition for the adsorption of
BSA due to the electrostatic attraction between those positively
charged particles and the negatively charged protein molecules.
After the addition of BSA and a thorough washing process
including multistep washing and subsequent centrifugation,
the zeta potential of the Ludox Cl NPs with adsorbed BSA was
reversed and had an equivalent zeta potential to BSA with a
value of —19.8 mV at pH 6.6, showing that the adsorption was
successful. In the investigated pH range from 5.8-7.2 the
synthesized HAP NPs have a negative zeta potential as well as
Si71 and CaCO; (hydrophilized) at pH 7 and 7.4, respectively.
The IEP of CaCOj; is usually at pH 8.9 and therefore the ZP at
pH 7.4 should be positive.?°

This shows that the hydrophilization of the CaCO; NPs by
sonication did not completely remove the stearic acid on the
surface. However, after the adsorption of BSA the zeta potential
of the modified HAP, Si71 and CaCO; NPs shows a slight shift
in the direction of the value of pristine BSA. Since these NPs are
not oppositely charged to BSA, the electrostatic attraction
cannot be considered to be the driving force for the adsorption
of the protein molecules. The protein adsorption is the result of
various interactions between the components, not only electro-
static forces but also van der Waals forces, hydrogen bonding
and hydrophobic interactions.®® Nevertheless, in particular
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Fig. 2 Zeta potential measurements of BSA, Ludox Cl and HAP at different
pH values.
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Table 1 List of zeta potential values of pristine and BSA modified
nanoparticles

Nanoparticles pH Zeta potential [mV]
BSA 6.5 —19.3 £ 2.1
BSA 7.0 —23.3+ 1.8
Ludox Cl 6.5 +30.9 £ 0.5
BSA + Ludox Cl 6.6 —19.8 + 0.4
HAP 7.0 —144 + 11
BSA + HAP 7.0 —16.9 + 0.4
Si71 7.0 —33.2+0.1
BSA + Si71 7.0 —26.3 £ 0.1
CaCO; (hydrophilized) 7.4 -153 £ 1.3
BSA + CaCO, 7.4 —25.1 + 1.0

cases like with Ludox Cl, the electrostatic forces clearly dom-
inate the adsorption of BSA at the solid/water interface.

The TGA measurements were used to determine the adsorp-
tion of BSA on the surface of various NPs and the composition
of those modified particles (Fig. 3). The TGA curve of the
pristine BSA is displayed in all TGA diagrams for better com-
parison. A three-step decomposition curve can be observed for
the pristine BSA. The initial weight loss at 100 °C is assigned to
the dehydration of the sample. The weight loss of BSA started
when the temperature rises above 200 °C. The third step is
starting at approximately 450 °C and ends at 600 °C. The total
weight loss was 97.5 wt% demonstrating that BSA decomposes
completely in this temperature range.

The black curve in Fig. 3 A belongs to the synthesized HAP
and it shows a weight loss of 11 wt% as the temperature was
increased to 700 °C because of the evaporation of the residue
crystal water. The green curve of the BSA modified HAP NPs
started with the degrading as pristine BSA at 200 °C and it
stopped decomposing at 600 °C as well but with a weight loss of
75 wt%. Comparing the TGA curve of pristine BSA and HAP it is
clear that the thermal decomposition of the amino acid resi-
dues of BSA and its peptide chains is responsible for this weight
loss showing that the residual 25 wt% are attributed to HAP.

A similar behavior has been observed for the other NPs. The
Ludox Cl particles exhibit a weight loss of 18 wt% (Fig. 3B)
which is in the same range as the weight loss of HAP, while the
weight loss of the BSA modified Ludox Cl particles is 44 wt%.
The amount of the residual Ludox Cl with 56 wt% is more than
twice as high as the residual HAP with 25 wt%.

The TGA curves for the pristine and the BSA modified Si71
particles are shown in Fig. 3C. No weight loss was observed in
the TGA curve of the pristine Si71 particles, whereas the BSA
modified NPs have a weight loss of 65 wt% leaving 35 wt% as
residual silica particles.

Fig. 3D displays the thermal decomposition of the CaCO;
NPs, that were hydrophilized by sonication and the same
particles additionally modified with BSA. The decomposition
begins when the temperature rises above 600 °C and ends at
approximately 750 °C with a weight loss of 45 wt%. It decom-
poses to calcium oxide and carbon dioxide.*>** The BSA
modified CaCO; NPs begin to decompose at 200 °C slightly
faster than the pristine BSA.
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Fig. 3 TGA measurements of BSA adsorbed on HAP (A), Ludox CL (B), Si71
(C) and CaCOs (D) measured in air atmosphere.

At 600 °C where BSA is fully degraded and before the
decomposition of the CaCO; NPs starts, the residual mass is
68 wt%. The TGA measurements showed that BSA adsorbed

This journal is © The Royal Society of Chemistry 2022
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strongly on four different types of NPs and can be detected even
after thorough washing process including multistep washing
and subsequent centrifugation.

Notably, the adsorbed BSA decomposes faster than the
pristine BSA. The TGA curve of the BSA modified Ludox Cl
particles is the only sample where the adsorbed BSA decom-
poses slower than the pristine BSA, except from the beginning
where the dehydration takes place. It is possible that this
behavior is caused by the electrostatic attraction between BSA
and Ludox Cl while the adsorption of BSA on the other NPs is
driven by different interactions such as van der Waals forces,
hydrogen bonding and hydrophobic interactions.

Moreover, the TGA curves show that the highest content of
adsorbed BSA, which was amounted to 75 wt%, was found on
the HAP NPs. The adsorption of BSA on HAP depends on the
interaction of the anionic carboxyl group of the protein and the
cationic calcium ions while the negative phosphate group
follows a strong interaction with the positive amino
group.®®*> The TGA measurements indicates that these inter-
actions could be stronger than the hydrophobic interactions
between Si71 or CaCO; and BSA and the electrostatic attraction
between Ludox Cl and BSA.

To obtain qualitative and quantitative information on the
adsorption of BSA to the different NPs the energy dispersive
x-ray spectroscopy (EDX) was performed. In Fig. 4a summary of
the EDX measurements is given. Additionally, SEM images of
the BSA modified NPs are shown on the left, while an overview
of the elemental composition of the sample is displayed on
the right.

The BSA modified Ludox Cl NPs consist mainly of oxygen
with 53.8 wt% and silicon with 27.3 wt%. Furthermore, 4.5 wt%

Fig. 4 SEM images and EDX analysis of BSA modified nanoparticles:
Ludox Cl (A), Si71 (B) and HAP (C).

This journal is © The Royal Society of Chemistry 2022
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aluminum were detected, which is the evidence for the
presence of Ludox Cl. In addition, 11.7 wt% carbon were
detected confirming again the adsorption of BSA to the NPs
like TGA and zeta potential measurements before. In contrast
to the preparation for the capsule synthesis this sample was not
washed with the BisTris buffer (pH = 7) to avoid an influence on
the intensity of the carbon signal. Instead, the sample was
washed with distilled water, whose pH was adjusted to 7 with a
0.001 M NaOH solution. Therefore, 0.6 wt% sodium were
detected.

In the elemental composition diagram of the BSA modified
Si71 NPs 45.5 wt% oxygen and 41.8 wt% silicon were detected.
The amount of detected carbon is in the same range as in the
Ludox Cl sample at 12.7 wt%.

14.2 wt% phosphorus and 25.4 wt% calcium were detected
in the dried BSA modified HAP NPs. Notably, this sample
contained the highest amount of carbon with 24.1 wt%. These
results are in accordance with the TGA measurements.

To examine whether the adsorption of the BSA molecules
to the NPs affects the protein conformation, the pristine and
BSA modified NPs were additionally analyzed by Raman
spectroscopy.

The results are shown in Fig. 5. BSA adsorbed on Ludox ClI
and the pristine components are displayed in Fig. 5A. The
spectrum of the BSA modified Ludox Cl NPs is basically the
same as the pristine BSA spectrum. The additional peaks in this
spectrum at 415 cm ™', 747 em™ ', 1077 cm™ " and 1266 cm "
could be identified as buffer peaks caused by BisTris that was
used during the washing process of the modified NPs to remove
residual BSA, which was not adsorbed. Notably, the character-
istic peak for the S-S vibration at 510 cm ™" is not present when
BSA is adsorbed on the Ludox Cl NPs. Furthermore, the peaks
of the amide I band at ~1655 cm™* and of the CH, and CH;
bending at ~1449 cm ™" were slightly shifted to ~1665 cm™*
and ~1460 cm ' indicating that conformational changes take
place when BSA adsorbs on the Ludox Cl NPs.*® The bands that
are typical for silica materials are only shown in the Raman
spectrum of the pristine Ludox Cl particles. The bands at 250-
650 cm ' and 760-1100 cm™ " are attributed to the SiO, ring
bending and Si-O stretching vibrational modes, respectively.®”
A CD study made by Giacomelli and Norde showed that the
a-helix content of BSA decreased after adsorption on silica
particles from 58% to 50%. The B-sheet content decreased as
well by 8% while the unordered portion increased by 16%.%®
This study confirms that BSA changes its conformation upon
adsorption on silica particles.

In Fig. 5B, the same peak shift can be observed in the
spectrum of the BSA modified Si71 NPs. In contrast to the
spectrum of the BSA modified Ludox Cl NPs, the characteristic
peak of Si71 at ~500 cm ™" can also be found in the spectrum
after the adsorption of BSA. So, we can conclude that the BSA
adsorption is much more effective on Ludox Cl resulting in a
shielding of Raman scattering from Ludox Cl by BSA.

As discussed before, the Si71 NPs have a negative zeta
potential, consequently the adsorption was not caused by
electrostatic attraction. However, Norde and Favier proposed
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Fig. 5 Raman spectra for: (A) pristine BSA (black), pristine Ludox Cl (red),
BSA modified Ludox Cl (green), (B) pristine Si71 (blue), BSA modified Si71
(light blue) and (C) pristine HAP (magenta) and BSA modified HAP (orange).

that the decrease in ordered structure would be the driving
force for the adsorption of negatively charged BSA molecules on
negatively and hydrophilic silica surfaces.*
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The Raman spectrum of BSA adsorbed to HAP NPs is
depicted in Fig. 5C. The characteristic peaks of BSA and HAP
are clearly recognizable and in contrast to the spectra of the
BSA modified silica NPs, this spectrum is not only dominated
by BSA peaks. Furthermore, the peaks of the adsorbed BSA on
the HAP NPs appear at the same wavenumbers as the peaks of
the pristine BSA. Consequently, no peak shift could be observed
indicating that the secondary structure of BSA does not alter
during adsorption to the HAP NPs. This was also confirmed by
Swain, who analyzed BSA adsorbed to HAP with FT-IR.*

Composite protein microcapsules

The formation of the thin composite mineral proteinaceous
shells was realized with various types of nanoparticles, which
were pre-modified with BSA.

The characterization and modification of composite protein
microcapsules as well as the mechanism of their formation will
be discussed in the following sections. As a control, pristine
NPs solely as well as in an immediate combination with BSA
without pre-modification were tested for the formation of a
Pickering emulsion, which was not successful. The pristine NPs
could only form big and unstable oil droplets, while BSA and
not pre-modified NPs formed an emulsion but only with
seldom NPs sparsely distributed over the capsule shell. We
suggest that the free BSA being in competition with the BSA
modified NPs is faster at the interface and forms proteinaceous
microcapsules. Therefore, the pre-modification of the NPs with
BSA is essential for the formation of composite protein-mineral
shells. In a further control experiment, the vortexing was
chosen as a comminution method to examine whether the
treatment with a high-intensity ultrasound is needed to obtain
a stable emulsion. Usage of vortex mixing for the emulsion
preparation instead of high-intensity ultrasound resulted again
in mostly big unstable oil droplets.

Cryo SEM and cryo EDX were used to investigate the
capsules morphology, fine structure and composition of their
shells with different NPs, where the elemental analysis gives
information on the composition of the protein-mineral micro-
capsules. To visualize the distribution in the protein-mineral
capsules EDX mapping was used. Raman spectroscopy was
performed to examine the structural conformation of adsorbed
BSA in the shell of the oil loaded composite microcapsules
synthesized by ultrasound treatment.

The BSA-Ludox Cl microcapsules were synthesized by ultra-
sound and loaded with three different oils, respectively. The
visualization of the capsules done by cryo SEM measurements
is shown in Fig. 6.

The cross section of a composite microcapsule, which was
loaded with toluene, is shown in Fig. 6(A). The shell of this
composite microcapsule consists of individual Ludox Cl NPs
and their aggregates forming a thin but almost densely packed
particle layer at the oil-water interface.

The intact BSA-Ludox Cl microcapsule loaded with mint oil
(Fig. 6B), which is partially imbedded in the matrix, does not
exhibit spherical particles in the shell, while the inner shell

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Cryo SEM images of composite BSA-Ludox Cl microcapsules
loaded with different oils: toluene (A), mint oil (B) and Miglyol (C).

surface shown in the cryo SEM image of the broken composite
microcapsule loaded with Miglyol (Fig. 6C) is rather rough.

Notably, the composite microcapsules are larger and more
polydisperse than the proteinaceous microcapsules synthesized
without NPs. The toluene loaded composite capsules have sizes
of 8-13 pm, while the composite capsules loaded with Miglyol
and mint oil are slightly smaller with an average size of
5-7.5 pm.

The different oils have different interfacial energies, which
also influences the attachment of the NPs at the interfaces of oil
droplets and their sizes. However, all composite microcapsules
have in common that they are not perfectly spherical shaped
and have a rather rough surface.

Since the cryo SEM images only indicate the presence of the
Ludox Cl NPs in the capsule shell, cryo EDX mapping of the
composite microcapsules was performed for a better visualiza-
tion of the particle distribution and for detection of the
elemental composition. Fig. 7 summarizes the EDX analysis
results of BSA-Ludox Cl microcapsules loaded with toluene,
mint oil and Miglyol. A cryo SEM image is shown on the left, the
corresponding EDX mapping is displayed in the middle of the
figure, while an overview of the elemental composition is given
on the right. The EDX mapping results show that the shells of
all capsules contain an essential amount of silicon (colored
yellow) evidencing the presence of silica nanoparticles and
their even distribution at the interface. Consequently, the
capsules were successfully synthesized with Ludox Cl NPs.
Furthermore, the EDX mapping shows the presence of carbon
in the same area as silicon was detected caused by the

This journal is © The Royal Society of Chemistry 2022

Fig. 7 Cryo SEM images and cryo EDX analysis of composite BSA—Ludox
Cl microcapsules loaded with different oils: toluene (A), mint oil (B) and
Miglyol (C).

modification of the Ludox Cl NPs with BSA, which is composed
of amino acids. Additionally, carbon was detected in large
amounts inside of broken capsules as well as in holes in the
capsule shell due to residues of the loaded oil. 6.8% carbon and
2.1% silicon were detected in the capsule shell of BSA-Ludox Cl
microcapsules loaded with toluene (Fig. 7(A)).

The high amount of oxygen with 91.1% is explained by the
cryo measurement method, because the sample was prepared
out of the liquid phase. The elemental composition of the
microcapsules loaded with mint oil and Miglyol show a much
higher amount of carbon with 58.4% and 49.7%, respectively,
while the amount of silicon decreased to 0.6% for both types of
capsules. Since the analyzed capsules have holes or are broken,
this increase in amount of carbon is caused by the residues of
the loaded oils.

After the successful synthesis of composite protein micro-
capsules with a shell consisting of BSA modified Ludox Cl NPs
and loaded with three different oils, microcapsules with other
NPs (Si71, CaCO; and HAP) were synthesized. The cryo SEM
images of those microcapsules can be seen in Fig. 8. The result
of the microcapsule formation with Si71 is shown in Fig. 8(A).
The overview cryo SEM image illustrates the broad size dis-
tribution while the close-up image exhibits the rough inner
shell surface of the BSA-Si71 microcapsule. The size of these
capsules is similar to the ones synthesized with Ludox Cl with
an average size of 10 pm. However, the BSA-Si71 microcapsules
demonstrate rather spheroidal shapes than spherical ones. The
largest capsules were synthesized with CaCO; NPs with an
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Fig. 8 Cryo SEM images of composite BSA microcapsules loaded with
toluene and synthesized with different nanoparticles: Si71 (A), CaCOs
(B) and HAP (C).

average size of 50-60 pum. On the surface of these BSA-CaCO;
microcapsules, a roughness can be observed as well (Fig. 8(B)).
On the contrary, the composite microcapsules synthesized with
HAP NPs were the smallest (Fig. 8(C)).

They exhibit an average size of 1-2.5 um and in addition to a
rough surface, they have numerous holes in the shell. These
holes are probably caused by the evaporation of the loaded
toluene during the preparation for the cryo SEM measure-
ments. Notably, some of these microcapsules have a cylindrical
shape. This shows, that the different NPs have strong influence
on the size and shape of the microcapsules as they attach
differently at the interface.

For more clarification of what causes this roughness on the
shell surface, these capsules were analyzed with cryo EDX as
well (see Fig. 9). The EDX mapping and the corresponding
elemental composition of the BSA-Si71 microcapsules
(Fig. 9(A)) show similar results as seen before for the BSA Ludox
Cl microcapsules that were loaded with toluene. Silicon and
carbon were detected evenly distributed in the capsule shell.
Even the detected amounts of silicon and carbon shown in the
elemental composition are in a similar range. Fig. 9(B) shows
the EDX mapping of the BSA-CaCO; microcapsules and as
expected calcium and carbon were detected in the carbon shell.
Notably, little aggregates are located on the inner shell surface,
which are highly cyan colored indicating a high calcium con-
tent. On the other hand, the high carbon content in the middle
of the broken microcapsule is once more attributed to the
residues of the loaded oil causing a highly red colored spot.
This is also reflected in the elemental composition showing
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Fig. 9 Cryo SEM images of composite BSA microcapsules loaded with
toluene and synthesized with different nanoparticles: Si71 (A), CaCOs
(B) and HAP (C); cryo EDX of capsules (A) and (B) and EDX of dried BSA-HAP
microcapsules that were washed three times with a dropping funnel (C).

49.8% of carbon, while the amount of calcium was 0.8%. The
amount of detected NPs is in a similar range as in the broken or
holey capsules synthesized with Ludox Cl and loaded with mint
oil or Miglyol (Fig. 9).

On the contrary, the EDX analysis of the BSA-HAP micro-
capsules loaded with toluene was more challenging. It is
possible that the content of the incorporated particles was
too low and below the detection limit, so that EDX mapping
was not successful. Therefore, the BSA-HAP microcapsules
were thoroughly washed with a dropping funnel, dried and
then analyzed with EDX. The elemental composition proves
that the BSA modified HAP NPs are contained in the capsule
shell by detecting carbon, phosphorus and calcium in the dried
and washed microcapsules.

The spectrum of the dried BSA-Ludox Cl microcapsules that
were loaded with toluene is shown in Fig. 10 and for a better
comparison the spectra of pristine BSA, Ludox Cl NPs and BSA
modified Ludox CI NPs, which were discussed before, were
added as well (Fig. 10A). Moreover, the spectrum of the dried
BSA-toluene capsules without NPs was added in the right
diagram (Fig. 10B) for better comparison.

The Raman spectra of BSA adsorbed on the Ludox Cl NPs
and BSA in the shell of composite microcapsules made of
Ludox Cl and BSA are nearly identical, which allows the
assumption that the ultrasound treatment at the oil/water
interface does not affect the conformational structure of the
BSA adsorbed at the NPs surface. The comparison with the
spectrum of the BSA microcapsules without NPs confirms that

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sm01638e

Open Access Article. Published on 14 March 2022. Downloaded on 3/22/2022 11:08:27 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

A

Relative Intensity [Counts]

T T T
500 1000 1500 2000

Relative Intensity [Counts]

%
¥ 3
| ~
f\ J T 2000
\«._ﬁ_)l w/\\ R TR } g T 4 Se——
T ¥ T T
500 1000 1500 2000

Raman shift [cm™]

Fig. 10 Raman spectra for: (A) pristine BSA (black), pristine Ludox Cl (red),
BSA modified Ludox Cl (green), dried BSA-Ludox Cl capsules loaded with
toluene (blue) and (B) dried BSA—toluene-capsules (magenta).

no conformational changes take place due to the absence of the
two characteristic peaks of the cross-linked BSA at 487 cm ™ *
and 709 cm ™!, which were discussed before.’

This examination reveals that the BSA adsorbed on the NPs
surface in the shell of the composite microcapsules are not
cross-linked by intermolecular disulfide bonds, in contrast to
the BSA molecules in the proteinaceous microcapsules made of
BSA alone.

Instead, a Pickering-Emulsion formation takes place
because of the amphiphilicity-driven spontaneous attachment
of the BSA-modified nanoparticles at the oil/water interface.
When BSA is adsorbed on the NPs, it is not possible anymore to
change its conformation at the oil-water interface in the
fashion required for the formation of intermolecular disulfide
bonds upon ultrasound treatment. Furthermore, it is likely that
the sites of the adsorbed BSA molecule containing the intra-
molecular disulfide bonds are less accessible to the radicals

This journal is © The Royal Society of Chemistry 2022
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formed by the ultrasound treatment. Thus, the superoxide
radicals are inhibited in the formation of intermolecular dis-
ulfide bonds. Fig. 1 displays the mechanism of the synthesis of
oil loaded composite BSA microcapsules.

Modification

Proteins can be labelled by dyeing agents, which should con-
tain moieties enabling their detection due to an intrinsic
property like fluorescence. The reactive group of the modifying
agent links to the functional group of the protein and after this
modification the agent is covalently attached resulting in a
permanently labelled protein with a unique detectable prop-
erty. A variety of fluorophores is available for different applica-
tions. One of the most popular is fluorescein isothiocyanate
(FITC), which is reactive towards nucleophilic sites like amines.
Since FITC is able to form stable products with primary amine
groups, it is highly selective for N-terminal amines in proteins.

The nucleophile attacks the electrophilic carbon of the
isothiocyanate group resulting in the formation of a thiourea
bond between the protein and FITC.** Fig. 11 shows the BSA-
Ludox Cl microcapsules loaded with toluene and modified with
FITC. The fluorescence microscopy image visualizes the shell of
the composite protein microcapsules consisting of the BSA
modified Ludox Cl NPs. Moreover, this shows that the micro-
capsules can be easily modified via the primary amine group
of BSA.

However, the silanol groups, Si-OH, on the surface of the
Ludox Cl NPs can be easily modified to various functional
groups as well by the treatment with different alkoxysilanes.
3-Aminopropyltriethoxysilane (APTES) is one of the most
applied alkoxysilanes, which is commonly used for the surface
functionalization of silicon oxide surfaces. It can be used as an
coupling agent for further functionalization due to its terminal
amino group.

During the modification of the Ludox Cl NPs the ethoxy
groups of APTES react with the silanol groups on the silica
surface to form stable siloxane bonds (Si-O-Si), resulting in
ethanol as the leaving group and an aminopropyl-terminated
surface,*>**

APTES is very sensitive to several reaction conditions.
Ethoxy groups can be hydrolyzed due to the presence of water
in the system and via a condensation reaction.

42,44

Fig. 11 Microscopy and fluorescence microscopy image of BSA-Ludox
Cl microcapsules loaded with toluene and modified with FITC.
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APTES
Fig. 12 Illustration of the surface modification of Ludox Cl NPs with APTES and FITC.

Table 2 List of zeta potential values of pristine and modified Ludox Cl
nanoparticles at pH = 7

Nanoparticles Zeta potential [mV]
Ludox Cl +26.6 + 0.5
Ludox Cl + APTES +42.9 + 1.1
Ludox Cl + APTES + FITC +29.7 £ 0.9

FITC filter

Rhodamine filter

)
o}

30 ym

o

Fig. 13 Microscopy and fluorescence microscopy images of BSA—Ludox
Cl microcapsules loaded with toluene that were modified with APTES and
FITC (A) and additionally with RITC (B).

The resulting moieties react with each other to produce
siloxane bonds leading to a 3D-polymerization. The result of
the silanization without water in the system are reaction of only
one, two or all three ethoxy groups with the silanol terminated
Ludox Cl NPs. The free amine group is pointing towards the
liquid phase and is available for further functionalizations.*® It
can be used as linkage unit to attach other functional mole-
cules like FITC by forming thiourea linkage (see Fig. 12).

The modification with APTES increased the positive zeta
potential of Ludox Cl, while the further modification with FITC
via the amine groups resulted in a decrease of the zeta potential
(see Table 2). Additionally, these FITC pre-labeled Ludox Cl NPs
were modified with BSA as usually and used for the synthesis of
composite microcapsules loaded with toluene via ultrasonica-
tion shown in Fig. 13A. As can be seen in the fluorescence
microscopy image, the shell of the successfully synthesized

Soft Matter

composite microcapsules consists of the Ludox Cl NPs that
were modified with APTES, FITC and BSA.

After the successful modification of the composite micro-
capsules via the amine groups of BSA and the silanol groups of
the Ludox Cl NPs separately, it was also possible to synthesize
capsules that were modified simultaneously via BSA and Ludox
ClL. For this synthesis BSA was pre-modified with rhodamine B
isothiocyanate (RITC) via the reaction of the isothiocyanate
group with the amino group of BSA (see Fig. 13B). The micro-
scopy images with different filters show clearly the fluorescence
of FITC attached to APTES that was bound to the Ludox Cl NPs
and of RITC, which is linked to BSA.

Conclusions

We have shown the successful synthesis of oil loaded protein-
mineral microcapsules. The results were supported by TGA,
zeta potential, EDX and Raman measurements showing that
BSA adsorbed strongly on four different types of NPs, which is
the result of various interactions between the components,
including van der Waals forces, hydrogen bond forces, electro-
static forces and hydrophobic interactions. Furthermore, the
cryo SEM images and EDX mapping showed that the micro-
capsule formation was successful with three different oils and
the aforementioned NPs. Both, the loaded oils and the NPs in the
capsule shell, had influence on size and shape of the microcapsules.
The examination of the composite capsule with Raman revealed
that the BSA molecules adsorbed on the NPs surface in the shell of
the composite microcapsules are not cross-linked by intermolecular
disulfide bonds. This is in contrast with our previous findings of
cross-linked BSA molecules in microcapsules made of BSA alone."
Instead, a Pickering-Emulsion formation takes place. Additionally,
we demonstrated a successful modification of composite micro-
capsules both through pre-modification of main components and
also the post-modification of the surface of ready composite
microcapsules.
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