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Interactions between silica and proteins are crucial for the formation of biosilica and the
production of novel functional hybrid materials for a range of industrial applications. The
proteins control both precipitation pathway and the properties of the resulting silica—
organic composites. Here, we present data on the formation of silica-lysozyme com-
posites through two different synthesis approaches (co-precipitation vs. adsorption) and
show that the chemical and structural properties of these composites, when analyzed
using a combination of synchrotron-based scattering (total scattering and small-angle
X-ray scattering), spectroscopic, electron microscopy, and potentiometric methods vary
dramatically. We document that while lysozyme was not incorporated into nor did its
presence alter the molecular structure of silica, it strongly enhanced the aggregation of
silica particles due to electrostatic and potentially hydrophobic interactions, leading to
the formation of composites with characteristics differing from pure silica. The differences
increased with increasing lysozyme content for both synthesis approaches. Yet, the
absolute changes differ substantially between the two sets of composites, as lysozyme
did not just affect aggregation during co-precipitation but also particle growth and likely
polymerization during co-precipitation. Our results improve the fundamental understand-
ing of how organic macromolecules interact with dissolved and nanoparticulate silica
and how these interactions control the formation pathway of silica—organic composites
from sodium silicate solutions, a widely available and cheap starting material.

Keywords: silica, lysozyme, co-precipitation, adsorption, composite materials, hybrid material, biosilica

INTRODUCTION

Over the last few years, interactions between silica particles and organic macromolecules in general,
and silica-protein interaction in particular, have sparked renewed interest due to the dominant
role of proteins in biological processes [e.g., biosilicification, Coombs and Volcani (1968), Simpson
and Volcani (1981), Perry and Keeling-Tucker (2000), Otzen (2012)] and because silica—organic
hybrid materials have proven to be crucial in a plethora of material science applications (Sumper
and Brunner, 2006; Wang et al., 2013).
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In this study, we use the protein lysozyme to study the forma-
tion pathways of silica-lysozyme composites. Lysozyme has been
shown previously to act as a catalyst for silica colloid formation
from silicon alkoxide solutions (TEOS/TMOS; Luckarift et al.,
2006; Ramanathan et al., 2009) as well as dilute solutions of
Waterglass at neutral pH (Coradin et al., 2003). Lysozyme also
aggregates newly synthesized (Coradin et al,, 2003; Luckarift
et al,, 2006; Ramanathan et al., 2009) as well as pre-formed and
commercially available silica colloids (Bharti et al., 2011; Kumar
et al,, 2014). During aggregation, lysozyme is incorporated into
the precipitates formed, resulting in hybrid materials with unique
properties ideal for enzyme encapulsation on biosensor surfaces
(Ramanathan et al., 2009) or for antifouling coatings and paints
(Luckarift et al., 2006). Despite this range of applications, a
molecular understanding of how the synthesis pathway leading to
such silica-protein composites affects the final hybrid materials’
morphology (and thus functionality) is still lacking.

Lysozyme is a small prolate ellipsoidal protein (3 nm X 4.5 nm)
with a molecular mass of 14.3 kDa. It consists of 129 amino acids,
including 6 lysine and 11 arginine residues exposed at the surface
of the molecule [Figure S1 in Supplementary Material, Canfield
(1963), Jolles et al. (1963)]. This gives the molecule an overall
positive surface charge over a large pH range [pHir = 11.1,
Haynes and Norde (1994)] making electrostatic interactions with
negatively charged silica monomers, nanoparticles, and surfaces
possible (Coradin et al., 2003; Bharti et al., 2011; Kumar et al,,
2011). The interaction between these organic macromolecules
and silica occurs mainly by electrostatic interaction of primary
amino groups (-NH,) with silica (Sumper and Brunner, 2008;
Otzen, 2012), although hydrophobic interactions may also
contribute (see below). The positively charged amino groups
attract the partly deprotonated monosilicic acid (H,SiO;) and/
or negatively charged oligomeric or colloidal silica and are
inferred to enhance concentration locally (Coradin et al., 2002),
therefore, facilitating precipitation and aggregation. Similar
structure-derived electrostatic effects have been shown to facili-
tate interactions (self-assembly) of dissolved silica with proteins
from the silaffin group and long chain long-chain polyamines.
These macromolecules have been isolated from the cells of cer-
tain types of phytoplankton (diatoms) where they are known to
control the characteristics of the resulting solid cell walls (Sumper
and Brunner, 2008).

Adsorption of lysozyme onto silica surfaces can result in the
partial loss of secondary and tertiary lysozyme structure, i.e., the
conversion of alpha helices to beta sheets and the deformation of
the overall shape of the lysozyme molecule (Norde and Favier,
1992; Billsten et al., 1995; Vertegel et al., 2004; Kubiak-Ossowska
and Mulheran, 2010; Felsovalyi et al., 2011). The structural
changes become more significant when lysozyme is adsorbed
onto non-flat surfaces such as nanoparticle surfaces with strong
curvature (Kubiak and Mulheran, 2009; Gagner et al., 2011;
Hao et al., 2014). Due to the partial unfolding, the more hydro-
phobic core of the lysozyme molecule is exposed. This leads to
hydrophobic interactions among unfolded adsorbed lysozyme
molecules in order to minimize contact with water (Gagner
et al., 2011). Thus, the adsorption of lysozyme onto silica and
subsequent aggregation to form a composite is believed to be

controlled by electrostatic as well as hydrophobic interactions.
Lysozyme incorporates into the precipitate during this process,
leading to composites with different properties compared to
purely inorganic silica precipitates (Gordon et al., 2009). These
composites have been found to show antibacterial properties
similar to native lysozyme, despite the protein’s denaturation
(Luckarift et al., 2006).

In this study, we have investigated the composition and
microstructures of silica-lysozyme composites formed by co-
precipitation and adsorption. In the co-precipitation synthesis,
lysozyme was added to a solution of dissolved inorganic silica
before initializing polymerization and nanoparticle formation.
Lysozyme could thus potentially interact with silica mono- and
polymers as well as nanoparticles during nucleation, particle
growth, and aggregation. For the adsorption experiments,
lysozyme was added to a solution containing already formed
silica nanoparticles, where the presence of lysozyme could only
cause particle aggregation. By comparing the results of these
two sets of experiments, we were able to differentiate between
the effects of lysozyme on polymerization and particle growth
and its effect on aggregation of inorganic silica. We show that
lysozyme becomes incorporated into the silica precipitates and
that the concentration of lysozyme in solution and the time it is
added strongly affect the properties of the composites.

MATERIALS AND METHODS

Preparation of Silica-Lysozyme

Composites

Sodium metasilicate (Na,SiO;-5-H,O, technical grade), hen egg
white lysozyme (crystalline, powdered), HCI (37% fuming, ana-
Iytical grade), and 1 M NaOH (analytical grade) were obtained
from Sigma-Aldrich. Stock solutions of pure silica (1,000 ppm,
pH ~12.5) and pure lysozyme (5 wt.%, pH ~3.5) were prepared
by dissolving the required amount of silica/lysozyme in ultrapure
deionized water (MilliQ, ~ 18.2 M€ cm). For the co-precipitation
experiments, the silica stock solution was acidified first to
pH 9.5-10 with 37% HCI, before adding variable amounts of
lysozyme stock solution to obtain solutions ranging from 25 to
1,000 ppm lysozyme (Table S2 in Supplementary Material). The
pre-acidification step was performed in order to prevent damage
to the lysozyme molecule at high pH. The solutions were then
acidified to pH = 7.1 + 0.1 and placed in an orbital shaker for
12 to 16 h. For the adsorption experiments the 1,000 ppm silica
stock solution was neutralized (pH = 7.1 + 0.1) in a single step
by adding 37% HCI and left to polymerize in an orbital shaker
for 12-16 h. Variable amounts of lysozyme stock solution were
then added to these nanoparticle-containing solutions to obtain
solutions ranging from 100 to 1,000 ppm lysozyme (Table S2
in Supplementary Material). The mixtures were again left in an
orbital shaker for 12 to 16 h.

Characterization of Colloidal Suspensions
The pure silica and composite colloidal solutions were analyzed
by synchrotron-based small-angle X-ray scattering (SAXS)
at the Bio-SAXS beamline P12 of the EMBL at PETRA III,
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DESY, Germany (Blanchet et al., 2015) Measurements were
performed by using a monochromatic X-ray beam at 10 keV
and two-dimensional scattered intensities were collected at
small-angles with a Dectris Pilatus 2 M (2D large area pixel-
array detector). Transmission was measured by means of a
photodiode installed in the beam-stop of the SAXS detector. A
sample-to-detector distance of ~3 m allowed for a usable g-range
of ~0.04 < g < 4.5nm™". The scattering-range at small-angles was
calibrated against silver behenate and dry collagen standards. The
samples were loaded into an automated sample changer (Round
et al., 2015) and transferred to an in-vacuum quartz capillary
(ID 1.7 mm, wall thickness 50 pm) for analyses. The acquisition
time per frame was 1 s for the co-precipitation, and 50 ms for the
adsorption experiments. Furthermore, we also measured a series
of backgrounds and reference samples including an empty capil-
lary and a capillary filled with water, silica stock solution, and
lysozyme stock solution. SAXS data processing and reduction
included primarily masking of undesired pixels, normalizations
and correction for transmission, background subtraction and
data integration to 1D. These steps were performed automati-
cally post-data collection at P12. Additionally, the {-potential
was determined on subsamples of the colloidal solutions of pure
silica and composites as well as the lysozyme stock solution
(1,000 ppm) using a Malvern Zetasizer Nano ZS and DTS1070
cells. The pH was adjusted to values between pH 2 and 10 with
dilute HCI or NaOH to a separate aliquot of sample. Each meas-
urement was repeated three times.

Characterization of Washed and Dried
Precipitates

At the end of the co-precipitation and adsorption experiments,
the silica-lysozyme mixtures were transferred into an oven and
the aqueous solvent evaporated at 40°C for ~48 h. The dried
powders were washed 5 times with MilliQ water to remove excess
lysozyme and salts followed by a final drying step at 40°C [omitted
for the sample aliquots used for pair distribution function (PDF)
analyses]. The samples were stored at 4°C until further analysis.
The dry solids were analyzed by powder X-day diffraction [X-ray
diffraction (XRD), Bruker D8, Cu Ka radiation, 0.3°min"! from
5° to 90°] and XRD patterns were evaluated using the EVA soft-
ware (Bruker, Version 3.0). In addition, wet aliquots of solids were
analyzed by synchrotron-based total scattering [high-energy
X-ray diffraction (HEXD), PDE, ~60 keV, A = 0.21280 A] at
beamline 11-ID-B at the Advanced Photon Source at Argonne
National Laboratory (USA) by using a Perkin Elmer amorphous
silicon detector. A CeO, standard was used to calibrate the
sample-to-detector distance and to align the detector with the
incident beam path. A water-filled capillary was measured for
background corrections. The data reduction was done using the
software Fit-2D (Hammersley, 1998), while the total scattering
measurements were background corrected and converted to PDF
plots using PDFgetX2 (Qiu et al., 2004). Further details on the
performed PDF analysis can be found in Tobler et al. (2015). The
molecular formulae used to obtain the reduced structure factor
functions were SIOZ X OSHzo for SﬂiCa and C613H959N1930185810
for lysozyme. The PDFs for all silica-lysozyme composites and

the pure silica and lysozyme samples were calculated from the
Fourier transform of the reduced structure function truncated at
~17.7 A=". Dry samples were also analyzed by Fourier transform
infrared spectroscopy (FTIR, A2 Technology Microlab, 1024
scans co-added, range 4,000 to 650 cm™, resolution 4 cm™) with
spectra processed using the Nicolet FTIR OMNIC software, E.S.P.
5.1. The amount of lysozyme associated with the composites was
quantified by determining the total carbon content in solids by
mass spectrometry (DELTAplusXL ThermoFisher) with a Carlo-
Erba NC2500. From these analyses the lysozyme content was
calculated using the molecular formula Cei3Hos0N 1930185510 and
molecular weight of 14.313 g/mol for lysozyme (ProtParam based
on UniProtKB entry P00698, Gasteiger et al., 2005). Particle sizes
of silica in the composites as well as the composite textures and
morphologies were evaluated by high-resolution transmission
electron microscopy (HR-TEM, FEI TECNAI F20 X-Twin,
200 kV) combined with energy electron loss spectroscopy [elec-
tron energy loss spectroscopy (EELS), using a Gatan GIF detector]
and energy dispersive spectrometry (using a SiLi detector).

RESULTS AND DISCUSSION

Composition of Silica-Lysozyme
Composites

The pure silica and all silica-lysozyme composites, regardless
whether produced through co-precipitation or adsorption,
revealed only a single broad XRD peak at ~24° 20 (Figure S2 in
Supplementary Material), indicating their amorphous character
as expected. PDFs derived from synchrotron-based high-energy
X-ray diffraction (HEXD) confirmed the amorphous nature of all
samples by showing attenuation of PDF plots at <10 A and only
very small coherent scattering domains (Figure 1). The PDF for
pure silica revealed a dominant peak at ~1.7 A (Si-O), followed

pure silica

~ pure lysozyme

G(n)

composites

N
w
(6]

7
riAl

FIGURE 1 | Pair distribution functions for pure silica, pure lysozyme, and
silica—lysozyme composites formed by co-precipitation and adsorption.
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by a series of smaller peaks up to 6 A (Si-Si, 0-O; Bowron, 2008;
Dyer et al.,, 2010). The PDF of the pure lysozyme on the other
hand showed dominant peaks at ~1.5 and 2.3 A (C-C overlapping
with C-N and C-O; Wang et al., 2007). For the composites, the
peak positions and G(r) were identical to pure silica (Figure 1).
The absence of any trace of lysozyme in the PDFs of the composite
samples was due to the substantially lower scattering power of
lysozyme, which rendered it “invisible” in the presence of silica.
Nevertheless, if the presence of lysozyme considerably altered
the silica structure at the molecular level or any Si-C or Si-N

bonds had formed, a shift in the peak positions in the PDFs of
the composite samples would be expected. Instead, no changes in
the atom pair-distances were seen for the composites, indicating
colloid-level interactions only.

In order to identify the mode in which the lysozyme was
associated with the silica in the composites, aliquots of the bulk
samples were analyzed using FTIR spectroscopy (Figure 2; Table
S1 in Supplementary Material). The FTIR spectra of pure silica
showed prominent bands at 750 to 1,300 cm™, corresponding
to stretching and vibration of the siloxane and silane bonds.
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Table S1 in Supplementary Material.

FIGURE 2 | Fourier transform infrared spectra of pure silica, pure lysozyme and the composites formed by co-precipitation and adsorption (blue: 100 ppm added,
green: 500 ppm added, orange: 1,000 ppm added). The frequencies and band assignments (1-9) are in accordance with Benning et al. (2004) and are listed in
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In the spectra of pure lysozyme, the characteristic bands were
at 1,200 to 1,700 cm™ and corresponded to the vibrations of
amide groups and stretching of carboxylic and nucleic acids.
Both, the pure silica and lysozyme showed a broad band at
~3,300-3,400 cm™! that corresponded to vibrations of water,
which is associated with the silica nanoparticles (adsorbed water
and structural hydroxyl groups), water molecules included in
the protein layer as well as trapped in dead end pores during
composite formation. However, based on the data available, the
individual contribution of these three water reservoirs could not
be distinguished. The FTIR spectra of the composite samples
exhibited all bands described above for pure silica and lysozyme.
Additionally, they showed a clear increase in the relative absorb-
ance of the amide bands (~1,650 and ~1,540 cm™) compared to
the main silica band (1,060 cm™!) with an increase in the amount
of lysozyme added during composite formation. There are no
additional bands which could correspond to silicon-carbon or
silicon-nitrogen pairs, confirming the conclusions derived from
the PDF data that lysozyme did not affect silica at the molecular
level and no chemical interactions between silica and lysozyme
took place.

In order to evaluate lysozyme contents within the composites,
their carbon content was analyzed. For both composite types,
the results (Table S2 in Supplementary Material) show that the
amount of lysozyme associated with the composites increased
with increasing lysozyme concentration in solution (Figure 3). In
the adsorption synthesis, the increase of lysozyme associated with
the silica was gradual, reaching a maximum lysozyme content

40 —
[ @ co-precipitation
[ A adsorption
35 [ P
[ Ads-5oo§ Ads—1000%
= 30
> [
3 [ CoP-1000 é
T 25 |
7] L
g | ¢
[ [
@ 20
©
g [ L QCOP—5OO
S 15
M [
o
2 [
a L
10 | °
@CoP-100
5 L
L @
‘! Ads-100
0 |A||I||||l PR T S TR T T N S T S U N T
pure/'o 200 400 600 800 1000
silica Lysozyme added [ppm]
FIGURE 3 | Relationship between the concentrations of lysozyme added
to the dissolved or colloidal silica solution at the beginning of the co-
precipitation (circles) and adsorption synthesis (triangles) and the amount of
lysozyme associated with the composites. Labeled are the pure silica sample
(black diamond) and the composites on which most analyses were carried
out (colored symbols).

of 32 wt.% when co-precipitated in the presence of 500 ppm
lysozyme. Thereafter, an increase in the added lysozyme content
did not result in more lysozyme associated with the adsorption
composites. The presence of such a threshold concentration was
also observed in previous studies. Kumar etal. (2014) and Vertegel
etal. (2004) observed a threshold concentration of lysozyme when
adsorbed onto silica nanoparticles of 9 and 20 nm, respectively,
and interpreted this to be due to the completion of a monolayer.
At around neutral pH this monolayer cannot be densely packed
due to the inter-particle repulsion of lysozyme, resulting in a very
small number of protein molecules adsorbed per silica nanopar-
ticle (Vertegel et al., 2004; Kumar et al., 2014). Other studies
reported continuously increasing adsorption even at lysozyme
concentrations >1,000 ppm and found that the molecules adsorb
in bilayers on silica. However, these studies were conducted on
flat silica surfaces (Wahlgren et al., 1995; Su et al., 1998a,b) or
large (100 nm) silica nanoparticles (Vertegel et al., 2004). The
stronger electrostatic interactions between these larger surfaces
and the lysozyme result in stronger attractive forces, which allow
the inter-particle repulsions to be overcome. This is supported by
the results of Su et al. (1998b) who showed that bilayer formation
was prevented at pH 4 where silica-lysozyme attractive forces
were weakened as the isoelectric point of silica was approached
(pHier = 1-2, Parks, 1965) and inter-particle repulsions became
stronger than the electrostatic interactions between silica and
lysozyme.

For the co-precipitation composites, the increase of lysozyme
associated with the silica was also gradual, butless steep (Figure 3)
and a maximum lysozyme content of 27 wt.% was reached for
1,000 ppm lysozyme added during synthesis. Thus, in contrast to
the adsorption synthesis, no plateau in the amount of associated
lysozyme was reached. Potentially, a plateau would be reached
once the amount of lysozyme associated with the co-precipitated
composites would reach >30 wt.% but we have no data to follow
up on this assumption. In any case, the “loading capacity” of
silica-lysozyme composites formed by co-precipitation appears
to be lower, i.e., for the same amount of lysozyme in solution less
lysozyme can be incorporated into the composites. This suggests
that, in at least one of the synthesis pathways, the incorporation
of lysozyme into the composites is not random but controlled by
silica-lysozyme interactions in solution, which can, e.g., affect an
average size of growing silica particles and hence their surface
area and colloidal interactions. To better elucidate these interac-
tions, we investigated the structure of the two types of composites
in more detail.

Structure of Silica-Lysozyme Composites

To assess the structure of the composites at the nanoscale,
high-resolution transmission electron microscopy (HR-TEM)
was performed on the composites. Bright-field images of the
pure silica and the composites looked almost identical and
showed aggregates of nanospheres (5-10 nm), characterized by
an uneven surface (Figures 4A-C). In these images, silica and
lysozyme could not be differentiated, even at the highest resolu-
tion. Thus, we collected energy-filtered maps, where energy was
tuned for a specific element (carbon and silicon, respectively)
based on EELS. These maps (Figures 4D,E) revealed relatively
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FIGURE 4 | HR-TEM phase contrast images of pure silica (A), CoP-100 (B), and Ads-100 (C) and overlapped energy-filtered elemental maps collected at the
carbon K-edge (red, ~290 eV) and the silicon K-edge (green, ~1,840 eV) for CoP-100 (D) and Ads-100 (E).

well-mixed domains with some areas with higher carbon con-
centrations (in red; for differentiation between carbon support
grid and carbon in lysozyme, see Figure S3 in Supplementary
Material). In both types of composites, such carbon-rich areas
were distributed relatively homogeneously throughout the
precipitate (Figures 4D,E). These carbon-rich (red) areas in the
elemental maps do not represent distinct lysozyme molecules
as they are smaller than the dimensions of native lysozyme
molecules [ellipsoid, 3 nm X 4.5 nm, Canfield (1963); Jolles et al.
(1963)] but molecules deformed due to conformational changes.
This indicates that lysozyme interacted with silica particles in
solution and adsorbed onto their negatively charged surface,
losing structural coherence in the process (Norde and Favier,
1992; Billsten et al., 1995; Vertegel et al., 2004; Kubiak-Ossowska
and Mulheran, 2010; Felsovalyi et al., 2011). In both composites,
some of the lysozyme areas are larger than 10 nm. These areas
represent lysozyme oligomers that either formed in solution (as
shown below) and became incorporated into the composites
(Sophianopoulos and Van Holde, 1964; Bruzzesi et al., 1965) or
that formed due to hydrophobic interactions among unfolded,
adsorbed lysozyme (Gagner et al., 2011). Based on the presence
of deformed lysozyme molecules in both, co-precipitation and
adsorption composites, we can conclude that the association of
lysozyme with silica precipitates was not coincidental in either
experiment but happened in solution, due to electrostatic and
hydrophobic interactions between the two colloids.

In order to assess if lysozyme also affected particle growth
during co-precipitation synthesis, we obtained size information
on silica particles and silica-lysozyme aggregates in suspension
from SAXS. In the pure silica system, the mean diameter of silica
nanoparticles was found to be 5.1 nm with a minor skew to larger
diameters (based on a MCSAS fit, Bressler et al., 2015; Figure S4
in Supplementary Material; Pauw et al., 2013). In the log I(g)
vs. log g representation, at low q the intensity follows a near-q°
dependence (plateau), indicating that the silica particles did not
aggregate in solution in the absence of lysozyme (Figure 5A).
The measured pattern of pure lysozyme showed a very good
agreement with the simulated scattering curve of lysozyme gen-
erated in FoXS (Schneidman-Duhovny et al., 2010, 2013) based
on the molecular structure from Wang et al. (2007). The increase
in intensity at ¢ > 0.2 nm™' corresponded to particle aggregation
of lysozyme (Figure 5A). Importantly, the average intensity of
scattering from silica nanoparticles was nearly two orders of
magnitude higher compared to lysozyme at the concentrations
used in our experiments. This indicated that, because silica
strongly dominated the measured intensity, the direct scattering
contribution from lysozyme remained invisible in the composite
patterns. This was highlighted by the pink pattern in Figure 5A
that represents the mathematical summation of the scattering
contributions from silica and lysozyme, i.e., assuming absolutely
no interactions between these two entities. This pattern falls
within the experimental uncertainty region of the pure silica
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FIGURE 5 | Small-angle X-ray scattering patterns (A) pure silica (black), pure
lysozyme (gray) fitted by a scattering curve based on entry 2VB1(Wang et al.,
2007) in the Protein Database PDB (dot-dash gray), and the mathematical
summation of the silica and lysozyme patterns (pink); (B) patterns
representative of co-precipitated composites (CoP-1000, orange) and
adsorption composites (Ads-1000, dashed orange) and pure silica (black) for
comparison.

pattern. However, the patterns of the two composite samples
(Figure 5B) look distinctly different to the pure silica pattern and
the calculated mixed pattern. This indicates interaction between
the silica particles and lysozyme molecules during composite
formation. The most striking features in the composite SAXS
patterns were the strong increase in intensity at g < 0.5 nm™!
and the correlation peaks at g ~1.5 nm™" for the co-precipitation
and q ~1.2 nm™" for the adsorption composites. The increasing
intensity at low g values indicated the contribution of a structure
factor to the data, i.e., the aggregation of silica in the presence
of lysozyme. The correlation peaks formed due to the increasing
number of particle-particle interactions which corresponded to
typical distances between individual silica particles of d ~4.2 nm
for the co-precipitation composite and d ~5.2 nm for the adsorp-
tion composite. For the adsorption composite this length scale
corresponded to the average silica particle diameter determined

from the pure silica system (Figure S4 in Supplementary
Material), which is in line with the absence of lysozyme during
particle growth. For the co-precipitation composite, on the other
hand, the smaller inter-particle distance suggested the formation
of smaller silica particles. However, the correlation peak posi-
tions depend to a certain degree on the local volume fraction of
particles within the aggregates, since particles pack more closely
together at increased volume fractions (Kinning and Thomas,
1984, see Supplementary Material). The absence of an increase
in peak intensity or narrowing of the correlation peak in the co-
precipitation sample indicated that the effect of a local increase
in volume fraction was minor with respect to the peak shift being
related to the formation of smaller silica particles. Nevertheless,
this rough dependence d ~21/gm. does not consider any poly-
dispersity influence at all, which is important for silica particles
(Figure S4 in Supplementary Material). Hence, by merely
measuring the position of the local maximum we only signal the
relevant/plausible range of sizes. In order to fully differentiate
between the effect of polydisperse particle sizes and increased
local volume fraction, fitting of the data by an advanced model
is necessary. Without this advanced data processing, it is impos-
sible to say if any lysozyme is trapped between the silica particles.
We are currently preparing a manuscript which will deal with
this issue extensively. However, what we can deduct from the
current data is the fact that neither of the inter-particle distances
determined for the composite samples could accommodate for a
naturally folded lysozyme molecules in between silica particles
(since the lysozyme molecules are ellipsoidal and 3 nm X 4.5 nm
in size, and the correlation peak would thus be expected at g ~
0.8 nm™). The same was observed by Kumar et al. (2011) when
analyzing silica-lysozyme aggregates by small-angle neutron
scattering. These authors attributed the “missing” space between
particles as an indication for the near-complete loss of structural
coherence of the lysozyme molecule upon adsorption to multi-
ple silica spheres. This was supported by other studies showing
that lysozyme can lose substantial amounts of its secondary
(transformation of a-helixes to p-sheets) and tertiary structure
(more oblate molecules), especially when adsorbed to non-flat
surfaces (Kubiak and Mulheran, 2009), porous media (Hao et al.,
2014), or in between nanoparticles (Gagner et al., 2011). This is
in agreement with the energy-filtered images shown in Figure 4,
which indicate that lysozyme molecules underwent substantial
conformational changes upon adsorption onto silica particles
and incorporation into composites in both syntheses.

We also evaluated the -potential over the pH range between
2.5 and 10 through potentiometric titrations to assess the surface
properties of the composites. Our data showed that the surfaces
of the pure silica precipitates were negative over the whole meas-
ured pH range with a pHie < 2 (Figure 6, dotted lines), which
agrees well with previously reported pHgp for non-modified silica
nanoparticles (Parks, 1965; Iler, 1979). Pure lysozyme on the
other hand is positively charged over most of the measured pH
range with a pHigp of ~9.5 (Figure 6, dashed lines). This was lower
than the pHier = 11.1 previously reported for lysozyme (Haynes
and Norde, 1994) and most likely due to impurities (buffer salts
and other proteins from egg white) present in the crystalline
lysozyme (Thomas et al., 1996), which affected the {-potential
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FIGURE 6 | {-potential as a function of pH for silica nanoparticles

(dotted line) and lysozyme (dashed line) and for composites formed by
co-precipitation (A) and composites formed by adsorption (B). Composite
results are given for samples with 100 (blue), 500 (green), and 1,000 ppm
(orange) lysozyme added.

measurements. The surface charge distribution as a function of
pH of composites formed by co-precipitation and adsorption is
strikingly different (Figure 6). The adsorption composites show
the same pHigp and evolution of the {-potential as a function of pH
as pure silica at low concentrations of lysozyme added (100 ppm)
and as pure lysozyme at high concentrations of lysozyme added
(500 and 1,000 ppm). The actual -potential values deviate slightly
from the end-members due to contribution of small amounts of
positively charged lysozyme for the low-lysozyme composite and
conformational changes of the protein molecules in the high-
lysozyme composites, which resulted in slightly different parts
of the lysozyme molecule being exposed to the solution (Norde
and Favier, 1992; Su et al., 1998a,b; Vertegel et al., 2004; Kubiak-
Ossowska and Mulheran, 2010). The co-precipitation composites
on the other hand show a much more complex behavior. The

A: no lysozyme B: co-precip.

C: adsorption

Polymerization

Particle growth

Aggregation

Pure silica

FIGURE 7 | Differences in pathways of formation for pure silica precipitation
(A) and silica-lysozyme composites (B,C).

composite formed by co-precipitation with 100 ppm showed a
C-potential trend similar to that of pure lysozyme in the acidic
pH range but with less positive values. This was likely due to the
presence of some negatively charged silica nanoparticles at the
surface of the composite (Figure 4D), contributing to the meas-
ured {-potential. Once the isoelectric point was reached at pHigp
5-5.5, the composite surface became negative and at pH > 8
identical to pure silica due to the decreasing surface charge of
the adsorbed lysozyme molecules or potential desorption. The
composites containing higher amounts of lysozyme (500 and
1,000 ppm) showed a similar decreasing trend of {-potential
as a function of pH but showed higher overall values than the
low-lysozyme composite and higher pHip around 7.5 and 8.5,
respectively. The pHigp values of the co-precipitation composites
falling in between the pHigp values of the two end-members, pure
silica and lysozyme is in agreement with previous studies (Haynes
and Norde, 1995; Rezwan et al., 2005). The {-potential data for
the adsorption composites can be explained by additive behavior
of silica and lysozyme where the {-potential of the composites
fall in between the {-potential of the individual end-members,
except for the influence of deformed lysozyme molecules to the
overall surface charge density at neutral to alkaline pH in the
high-lysozyme composites. The behavior of the co-precipitation
samples on the other hand is non-additive and much more
complex. The SAXS data revealed that the particle size in the co-
precipitation experiments was smaller than the pure silica system
and the adsorption composites. While the size difference is not
substantial (d ~ 4.2 nm for the co-precipitation composites and
d ~ 5.2 nm for the adsorption composites), the diameter of silica
particles in the co-precipitation pathway represents a maximum
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mean particle size. From the fact that the particle sizes are differ-
ent, we expect that the size distributions of silica particles from
the two paths are substantially different. Therefore, for very small
silica particles, especially once they are smaller than the native
lysozyme molecules (3 nm X 4.5 nm), the silica-lysozyme inter-
actions become substantially different to the adsorption pathway,
resulting in composites with different characteristics compared
to the adsorption composites.

SUMMARY AND CONCLUSION

Lysozyme is neither incorporated into nor does its presence alter
the molecular structure of the silica particles. However, its presence
enhances the aggregation of the silica nanoparticles and affects the
composite composition and structure. We observe a clear trend
between the amount of lysozyme associated with the composites
and the change in their properties. While these overall trends
hold true for both the composites formed by co-precipitation and
adsorption, the absolute changes between composites and pure
silica differ substantially between these two sets of samples.

Based on the complementary data sets presented above, we
deduce that the pathway of silica precipitation in the absence and
presence of lysozyme follows a series of steps (Figure 7). For pure
silica the reaction starts with polycondensation of monosilicic
acid, followed by particle growth and very limited particle aggre-
gation [Figure 7A; e.g., Iler (1979), Tobler et al. (2009)]. For the
adsorption experiments, where lysozyme was added to a solution
containing silica nanoparticles, the only effect unequivocally
and directly observed was on particle aggregation (Figure 7C).
Lysozyme adsorbed onto silica particles, which resulted in
conformational changes deforming the lysozyme molecules.
This is proof that there are interactions (electrostatic and, less
important, hydrophobic) between silica and lysozyme resulting
in composite formation. In the co-precipitation experiments,
where lysozyme was added to a silica solution simultaneously
with initializing polymerization, lysozyme could have interacted
with different silica species at each step of the precipitation
pathway (Figure 7B). The co-precipitation composites contain
deformed lysozyme molecules similarly to the adsorption com-
posites, showing that silica and lysozyme interacted in solution
as they did during the adsorption synthesis. Our SAXS data
showed that the presence of lysozyme affected the growth and
final size of the formed silica nanoparticles: The silica particles in
the co-precipitation composites were a little smaller than the ones
in the adsorption composites. The positively charged lysozyme
molecules likely caused silica particles to aggregate before they
reached their full size and/or might have adsorbed some of the
deprotonated silica monomers (H,SiO,) and small polymers
onto their surface, reducing the amount of dissolved silica species
available for the growth of particles. While we did not investigate
the polymerization step of silica here, previous studies suggested
that lysozyme can also affect the polymerization of silica during
co-precipitation. They showed that oligomeric silica species
adsorb onto lysozyme molecules which locally increases their
number density and thus the polymerization rate (Coradin et al.,
2002, 2004). This could further add to the observed differences
between the two types of composites.

Previous studies on silica-lysozyme composites have primar-
ily used silica particles prepared from silicone alkoxides such
as TEOS (Luckarift et al., 2006; Ramanathan et al., 2009; Bharti
et al., 2011) or commercially available silica colloids (Kumar
etal., 2014). Our approach on the other hand uses dilute solutions
of sodium silicate as source for the silica particles, thus represent-
ing a simpler and cheaper alternative involving less hazardous
substances. The two pathways presented in this study could,
therefore, be viable options for the preparation of larger volumes
of silica-lysozyme composites, e.g., for large-scale antibacterial
coatings.
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