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A multi-technique analysis of gelatin biodegradation on core-shell
nanoparticles surface by Alteromonas macleodii extracellular
proteases

Sergio Fernandez-Castillo Suarez?, Cécile Courréges?, Javier Jiménez-Lamana?, Simon Godin?,
Sophie Nolivos?, Régis Grimaud?, Luisa Ronga?, Joanna Szpunar? and Joachim Allouche?®*

The study of interaction mechanisms at nanoscale between nanomaterials and microbial cells is of great importance in a
wide range of research fields from health to environment. In the latter case, due to the high occurrence of nanoparticulate
systems in the environment, the in-depth investigation of nanoparticles/bacteria interactions at nanoscale is needed to
better understand the full picture of natural, chemical and biological processes of the microbial biodegradation of natural
or manufactured organic nanoparticles in ecosystems. In this paper, we highlight for the first time the proof of the
biodegradation process of gelatin adsorbed on nanoparticles surface by Alteromonas macleodii extracellular proteases.
Using model core-shell gold@silica@gelatin nanoparticles, the biodegradation process has been demonstrated through a
novel combined multi-technique approach using mass spectrometry (ToF-SIMS, LC-ESI-MS/MS, SP-ICP-MS), photo-electron
spectroscopy (XPS) and electron microscopy (SEM, TEM).

Environmental significance

The mechanisms of interactions between nanomaterials and microbes in ecosystems is of major importance due mainly to
the high bioavailability of nanoparticulated organic matter and the ongrowing dissemination of manufactured nanoparticles
and nanoplastics in environment. Such interactions occuring at the nanoscale level remain poorly understood and have to
be studied in-depth to better apprehend many complex processes like contaminant bioremediation or elemental
biodegradation. We describe in the present work a direct proof of protein biodegradation by extracellular bacterial
proteases occuring at the surface of model core-shell nanoparticles. We used a novel multi-technique analysis involving
mass spectrometry and photo-electron spectroscopy characterizations allowing the identification of nanoscaled processes
both in the incubation medium and on the particles surface.

solutions in Nanomedicine® but may also induce moderate or
adverse physiological responses®1! that have to be anticipated.
In the field of environment, natural and manufactured organic

With the rise of Nanoscience during the last decades, the study,
the design, the characterization and the applications of natural
or manufactured nanomaterials have been the subject of many
investigations in a wide range of industrial and research areas
due to the exciting properties offered by nano-scaled
dimensions!=3. But it is now well known that nanomaterials may
strongly impact living systems by interacting with cells*® and
eventually crossing biological barriers’-8. Such interaction can
be seen as two sides of a same coin as they may offer promising

@ Universite de Pau et des Pays de I’Adour, E25 UPPA, CNRS, Institut des Sciences
Analytiques et Physico-chimie pour ’environnement et les matériaux (IPREM),
UMR 5254, 2, avenue du président Angot, 64000 Pau, France.
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or inorganic nanoparticles impair ecosystems functions where
microorganisms at the bottom of the trophic chain drive
important processes?. The study of the interactions between
nanomaterials and microbes has to be carried out in depth to
better understand and apprehend the full picture of many
complex processes like the bioremediation of emerging
contaminants’315 and/or the elemental cycles of natural
biodegradation!®. Studies dedicated to the characterization of
bacteria/nanoparticles interactions are often carried out in the
frame of the toxicity of nanoparticles® or the use of
nanoparticles as killing agents for pathogenic bacterial’.
Nevertheless, interaction of bacterial cells with nano-scaled
objects is not restricted to nanoparticle toxicity but rather
encompasses a large number of processes. For instance, in the
ocean, bacteria access and degrade particulate organic carbon
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that is, in part, present as particles with size in the nanometer
range®. Nanoparticles can accelerate or inhibit the microbial
degradation process of toxic and hazardous chemical
compounds®®. Micro- or nanoplastic particles can affect carbon
cycle and carbon conversion by influencing microbial processes
like CO, fixation, enzymes and genes expression?%2L. Finally,
bacteria/nanoparticles interactions are also of interest in
nanoparticles bacterial biosynthesis?2.

However, the fundamental question related to the molecular
mechanisms of organic compounds biodegradation by microbes
at the nanoscale level is poorly studied. It is worth noting that
such question is of major importance in environmental areas
due to (i) the higher bioavailability of nanoparticulated organic
matter compared to that of larger particles in environmental
ecosystems and (ii) the dissemination of manufactured
nanomaterials or nanoplastics that may affect or interfere with
the natural biodegradation processes!®2021.23 |ndeed, it is well
known that the surface properties of nanoparticles trigger their
ability to bind and vectorize small or macromolecular organic
entities including organic substrates through electrostatic,
covalent or coordination binding?*2>. However, the accessibility
of extracellular bacteria enzymes to substrates attached or
deposited on the surface of nanoparticles and their subsequent
degradation at nanoscale has never been directly demonstrated
to date. Indeed, such direct demonstration requires a non-
trivial implementation of a panel of characterization techniques
able to return molecular and elemental information both from
surface and bulk at the nanoscale level.

In this paper, we provide, for the first time, direct evidences of
a nanoscale biodegradation process of substrate adsorbed on
the surface of model core-shell nanoparticles by Alteromonas
macleodii ATCC 27126 extracellular enzymes. Alteromonas
macleodii are aerobic gram-negative marine bacteria known to
produce a variety of enzymes, including gelatinase, amylase or
lipase?6=28, These bacteria exhibit a fast growth and an
opportunistic copiotrophic behavior in both cold and warm
water oceans?®28-30, They are known to play important roles in
the regulation of the iron and carbon cycles3'34 and to grow
with organic matter in particulate form3> as well as being
adapted to degrade algal polysaccharides32.

The mechanism of surface biodegradation has been evidenced
through a multi-technique characterization approach relied on
the analyses of both nanoparticles and incubation supernatant
containing bacterial proteases. Single Particle Inductively
coupled plasma mass spectrometry (SP-ICPMS), liquid
Chromatography Electrospray lonization Tandem Mass
Spectrometry (LC-ESI-MS/MS), Time-of-Flight Secondary lon
Mass Spectrometry (ToF-SIMS), X-Ray photoelectron
spectroscopy (XPS) and Electron Microscopy (SEM and TEM)
have been implemented to provide and combine
complementary information. The hierarchical architecture of
the model nanoparticles featuring a core-shell
gold@silica@gelatin  (Au@Si@Gel) morphology has been
specifically designed in order to control their physico-chemical
properties as well as the level of surface area of contact
between nanoparticles and bacteria proteases.

2| J. Name., 2012, 00, 1-3
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2. Experimental

bacteria growth and incubation experiment were supplied by
Sigma (ACS Grade) and used without further purification.

2.1 Gold@silica@gelatin nanoparticles synthesis.

The synthesis of the core-shell nanoparticles had three different
steps: gold core synthesis, silica shell addition and gelatin layer
coating.

First gold nanoparticles (AuNPs) of 30 + 6 nm in diameter were
synthetized following the Turkevich method3® 2.8 mL of a 0.25
g/100 ml of HAuCI, solution were added to 47.2 mL of Milli-Q
water and heated to a temperature of 98 °C. Then, 0.75 mL of a
38.8 mM solution of trisodium citrate NasCgHsO; were quickly
added. After 5 min stirring, the reddish particles solution was
finally removed from heat source and left stirring until complete
cooling to room temperature.

The silica shell was subsequently coated on the gold core by a
sol-gel synthesis3’. Typically, 8 mL of the as prepared AuNPs
solution were diluted in 40 mL of isopropanol. Under stirring, 1
mL of ammonium hydroxide concentrated solution (NH,OH 30%
) was injected. After 2 min stirring, 100 pL of tetraethyl
orthosilicate TEOS were added. The recipient was closed and
the reaction was left to occur overnight leading to gold@silica
particles (Au@Si).

The final particles were centrifuged and washed three times and
concentrated to a volume of 15 mL of Milli-Q water. Meanwhile,
a gelatin solution was prepared dissolving 50 mg of type A
gelatin from porcine skin (bloom 300) in 10 mL of Milli-Q water.
Both solutions were stirred and heated to 40 °C, and after the
nanoparticles were added on the gelatin. The
gold@silica@gelatin  nanoparticles (Au@Si@Gel) were
centrifuged and washed 4 times and finally stored at 4 °C.

2.2 Bacteria culture and growth conditions.

The strain used in this study was Alteromonas macleodii ATCC
27126. The bacteria were routinely maintained on SSW agar
plates medium at 30 °C. Synthetic seawater (SSW) was prepared
(NaCl 0.2 mol-L, KCl 10 mmol-L?, Tris-HCI 50 mmol-L? pH 7.8,
NH4Cl 56 mmol-Lt, K;HPO, 427 umol-L1, FeSO; 8 umol-L?,
MgS0O,4 65 mmol-L't and CaCl, 13 mmol-L?) using a solution of
sodium acetate 20 mmol-L? as a carbon source. The liquid
cultures were incubated at 30 °C under shaking at 250 rpm.

2.3 Proteolytic activity test.

Proteolytic colorimetric assays383° were performed in Tris 25
mM pH 7.5, azocasein 5 mg/mL, in a final volume of 0.5 mL.
Mixtures were preincubated at 30 °C for 1 hour and the reaction
started by addition of Proteinase K at 0.5 pg/mL or 250 pL of
culture supernatant at OD = 0.5, which is equivalent to 5 x 108
cells/mL. After 30 min of incubation the reaction was stopped
by precipitating of the protein by TCA addition and
centrifugation for 20 min, 10000 rpm at 4 °C. The acid soluble
peptides generated by digestion of azocasein were detected in
the supernatant by measuring the absorbance at A = 440 nm. A

This journal is © The Royal Society of Chemistry 20xx
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replicate measurement of a positive control using Proteinase K
(PK) give an average optical density (OD) value that is
considered as having 100% proteolytic activity. In consequence,
the average of 3 biological replicates and 3 technical replicates
of the extracellular enzymes from A. macleodii cultured with
sodium acetate give an OD value corresponding a percentage of
the proteolytic activity of the PK. The negative control replicate
of the culture medium containing no enzymes give 0 %
proteolytic activity.

2.4 Incubation experiment.

In order to track peptides coming from the degradation process,
bacteria cells have to be removed from the incubation medium
containing extracellular proteases in order to avoid peptides
metabolization by bacteria or artefact that may come from the
detection of intracellular peptides.

To perform the incubation experiment (Fig. 1), 1 mL of the SSW
liquid A. macleodii overnight culture was taken and centrifuged
at 13200 rpm. The culture medium was therefore separated
from the bacteria pellet. In parallel, 500 pL of Au@Si@Gel
nanoparticles were centrifuged at 13200 rpm. The pellet of
nanoparticles was thoroughly redispersed in 100 uL of the
previously stated protease-containing culture medium.

The incubations were performed in a water bath at 30 °C. One
sample of Au@Si@Gel was incubated for 30 min and the other
for 60 min. In addition to these samples, two control samples
were prepared: the culture medium after bacteria removal by
centrifugation incubated 60 min and a control of Au@Si@Gel
nanoparticles incubated in medium without bacteria for 60 min.
After the incubation was completed, each sample was removed
from the bath and centrifuged at 13200 rpm to separate them
into two subsets of samples, adding to a total of seven: pellet of
control Au@Si@Gel incubated 60 min without proteases, pellet
of Au@Si@Gel incubated 30 min, pellet of Au@Si@Gel
incubated 60 min, supernatant of control Au@Si@Gel
incubated 60 min without proteases, supernatant of
Au@Si@Gel incubated 30 min, supernatant of Au@Si@Gel

Incubation of
bactena in

. SSW + NaAcet
Alteromonas macleodii ATCC 27126

Bacteria

Marine bacteria selected for
their ability to degrade gelatin

SSW: synthetic seawater

NaAcet: sodium acetate

Centrifugation
13200 rpm

T
- Recover culture
medium

Environmental-Science: Nano

On one hand, the supernatants were recovered,.and . stered
inside a freezer at -20 °C before their andhgisB{OEE/BSHMS>GR
the other hand, the pellets of nanoparticles were redispersed in
a small volume of milli-Q water, and were also stored at -20 °C
before preparation for ToF-SIMS and XPS analyses.

2.5 Characterization

2.5.1 Scanning Electron Microscopy (SEM)

The SEM images were obtained using a JEOL JAMP 9500F Auger
Microprobe spectrometer (JEOL Ltd., Tokyo, Japan) working
under UHV conditions (pressure < 2.107 Pa). A drop of the
sample was deposited on aluminum foil and dried in the oven
before analysis. The analyses were performed at current and
tension values of 5 nA and 30 keV respectively.

2.5.2 Transmission Electron Microscopy (TEM) images of the
nanoparticles.

TEM images of the AuNPs, Au@Si and Au@Si@Gel were
captured by a Philips CM 200 (200 kV) instrument equipped
with a LaB6 source. A drop of the sample was deposited on a
carbon coated copper grid and dried at room temperature
before analysis.

2.5.3 Single-Particle Inductively Coupled Plasma Mass
Spectrometry (SP-ICP-MS) analyses of the nanoparticles.
Nanoparticles were size characterized and quantified by a
NexION 5000 multi quadrupole ICP Mass Spectrometer with a
Syngistix Nano Application Module (PerkinElmer, Shelton, CT,
US). This technique allows to analyze individual nanoparticles
and provides information on both particle size and
concentration for very dilute nanoparticle suspensions. Briefly,
the intensity of the signal (Au or Si) per NP registered by SP-ICP-
MS is transformed into mass of the element per NP. In addition,
in the case of solid spheres of known density, the mass of the
element per NP can be transformed into size. While this
calculation is valid for the Au core of the Au@Si@Gel

Incubation of NPs with
the culture medium
(30°C)

Centrifugation Supernatant
13200 rpm analysis:
—) I e
: Pellet
* analysis:
Nanoparticles ; ToF-SIMS
XPS

Fig. 1. Scheme of the experimental protocol for the study of the gelatin biodegradation at the surface of nanoparticles by A. macleodii proteases.

incubated 60 min and culture medium separated from bacteria
(plus the Au@Si and Au@Si@Gel that were not incubated).

This journal is © The Royal Society of Chemistry 20xx

nanoparticles, this is not the case for the SiO; shell. Instead, an
equivalent diameter can be calculated, i.e. the size of a
theoretical solid nanoparticle composed of pure SiO,

J. Name., 2013, 00, 1-3 | 3
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corresponding to the calculated mass. Suspensions were diluted
in ultrapure water prior the SP-ICP-MS analysis in order to have
around 3000 particles detected in each run. Au and Si signals
were monitored with a dwell time of 100 ps and a total
acquisition time of 100 s. In the case of the Au signal, the m/z at
197 was monitored using only the third quadrupole, Q3.

As for the Si signal, the instrument operated in “mass-shift”
mode in order to remove the interferences at the m/z 28 and
by using O, as reaction cell gas, which allows the analysis of 28Si
by monitoring the oxide ion at m/z + 16 u. Therefore, the first
quadrupole was set to m/z 28 (the precursor 28Si ion) and the
third quadrupole was set to m/z 44 (the target product ion
285i160). Transport efficiency was calculated daily by using a
standard suspension of AuNPs with a nominal diameter of 32.7
+ 2 nm (LGC, Teddington, UK). Particle size distributions were
obtained by MagicPlot from raw data provided by the module.

2.5.4 Time-of-Flight Secondary lon Mass Spectrometry (ToF-
SIMS) analyses.

ToF-SIMS analyses of the pellets and supernatants were carried
out using a TRIFT V NanoToF Il Tandem MS (Physical Electronics,
Chanhassen, MN, US) instrument equipped with a 30 kV Bi,%*
LMIG primary ion gun. Samples were prepared by adding drops
on aluminum foil and letting them dry, assuring a flat surface.
The mass spectra were acquired in both positive and negative
polarities at room temperature and using the same analytical
conditions to ensure a semi-quantitative analysis.

The LMIG gun was tuned to release Bis** clusters primary ions
over 50 x 50 um raster size with a 3.28 x 1012 ion/cm? ion dose,
for 30 frames for surface analyses. For Tandem MS analyses, the
selected precursor ion was sent into the CID activation cell and
analyzed in MS2. Charge compensation was used for all
analyses.

Data processing was performed using ToF-DR software supplied
by Physical Electronics. All negative polarity mass spectra were
calibrated using OH- (m/z 17.00), C,H  (m/z 25.00) and CI- (m/z
34.97) peaks while all positive polarity mass spectra were
calibrated using Na* (m/z 22.99), C,H,* (m/z 26.01) and C,Hs3*
(m/z27.02).

2.5.5 Liquid Chromatography Electrospray lonization Tandem
Mass Spectrometry (LC-ESI-MS/MS) analyses.
Chromatographic separations were performed on a C18, 1 x 150
mm, 5 pm, 300 A column, with mobile phase A (H,0, 0.1%
formic acid) and B (acetonitrile, 0.1% formic acid).

Detection was ensured by an Orbitrap Fusion Lumos High
Resolution Mass Spectrometer (Thermo Fisher Scientific,
Waltham, MA, US) with Full MS scans performed at R = 120000
every 1.5 s and MS? scans in between (at R=30000, precursors
were filtered for signals showing a peptide-like isotopic
pattern).

The samples were an instrumental blank, the incubation
medium after removing the bacteria, a Au@Si@Gel control
incubated for 60 minutes in culture medium without bacteria, a
positive control of trypsin-digested gelatin and two samples of
Au@Si@Gel incubated with the bacteria medium at 30 and 60
min. All samples were filtered through 10 kDa cut-off filter after

4| J. Name., 2012, 00, 1-3

a 2-fold dilution with water, and then diluted apgther. SSfeld
with 90:10 H,0:ACN 0.1% formic acid befdpé iRjEEIEAEN00523B
Data processing was performed employing DeNovoGUI, an
open-source software provided by CompOmics®0, selecting
oxidation of methionine and oxidation of proline as variable
chemical modifications, 10 ppm precursor mass tolerance and
5 ppm fragment mass tolerance. Through this software it was
possible to analyze the MS? spectra and de novo sequencing a
series of peptides present in the samples, allowing to compile
lists of peptides found in the positive control and the samples
incubated 30 and 60 min. The corresponding proteins were later
identified using the Basic Local Alignment Search Tool (BLAST)
tool on UniProt*l. Furthermore, when DeNovoGUI provided
with gapped sequences they were further analyzed with
ProSight Lite to confirm the identity of the assigned amino acids
and the validity of the complete sequences*?. Knowing the
identities of the proteins present in the control and samples and
the lists of de novo sequenced peptides it was possible to
calculate the protein coverage of said proteins.

2.5.6 X-ray Photoelectron Spectroscopy (XPS) analyses.

XPS analyses of the pellets and supernatants were performed
with a Thermo K-alpha Spectrometer (Thermo Fisher Scientific,
Waltham, MA, US) with a hemispherical analyzer and a
microfocused monochromatized radiation Al Ka line (1486.6
eV) operating at 75 W under a residual pressure of 1x10”7 mBar
with 400 um spot size. A pass energy of 20 eV was used for core
peak records. A flood gun, which sprays low energy electrons
and Ar* ions over the sample surface to minimize the surface
charging, was used during the analysis for neutralization.

For the XPS spectra fitting and data processing the CasaXPS
software was employed. The binding energies for all elements
and components were calibrated referencing to the C 1s
hydrocarbon peak at 285.0 eV. Core peaks were analyzed using
a Shirley background and peak positions and areas were
obtained by a weighted least-squares fitting of model curves
(70% Gaussian, 30% Lorentzian) to our experimental data.
Quantification of surface composition was based on Scofield’s
relative sensitivity factors.

3. Results

Hybrid gold@silica@gelatin nanoparticles
(Au@Si@Gel) (Fig. 2a) with a hierarchical structure composed
of a one single gold core, a silica shell and a gelatin outer layer
have been synthesized through a sequential method. Such
morphology was specifically designed to achieve a perfect
control of the experimental conditions.

core-shell

This journal is © The Royal Society of Chemistry 20xx
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3.1 Synthesis of Au@Si@Gel nanoparticles

First, gold cores (AuNPs) with median diameter of 30 + 6 nm
statistically measured on 30 particles on TEM images were
obtained (Fig. 2b) through a Turkevich method3® but adapted to
our case using citrate as stabilizing agent. The size obtained by

/ Silica shell

outer layer

100 nm

T size distribution of gold cores inside Au@Si@Ge! nanoparticles

1007
Median diameter.
501 28+2nm
5o
[
:
2
@
w 401
207
o
0 10 20 60

30 40
Diameter (nm)

L

ARTICLE

The addition of a silica shell around the gold cores by, as0l-gel
reaction3” was subsequently carried &t IQUSPAR/ DEStIAETHA
orthosilicate (TEOS) precursor as the silica source. Such method,
inspired by a recent protocol developed by our group, has been
carried out due to its ability to lead monodisperse silica

!

General chemical structure of gelatin

e -
Gelatin
100 nm
g Size distribution of silica shell of Au@Si@Ge! nanoparticles
1004
Median equivalent diameter:
80 132+6nm
=
g 609
@
El
o
£
201
20
o

80 100 120 140 160 180 200 220
Equivalent diameter (nm)

Fig. 2 Characterization of synthesized core-shell nanoparticles. a, Three-dimensional model of a gold@silica@gelatin nanoparticle (Au@Si@Gel) and general chemical
structure of gelatin. b, TEM image of gold nanoparticles (AuNPs). ¢, TEM (left) and SEM (right) low magnification images of gold@silica nanoparticles (Au@Si). d, TEM high
magnification image of Au@Si nanoparticles. e, TEM high magnification image of a Au@Si@Gel nanoparticle. f, Particle size distribution of the gold cores obtained by SP-

ICP-MS. g, Particle size distribution of the silica shell obtained by SP-ICP-MS.

TEM was in good agreement with the results obtained by SP-
ICP-MS (Fig. 2f). This technique is element sensitive and allows
to obtain the mass of the element measured per nanoparticle
and, hence, by knowing the density and assuming that the
particles are spherical, the size distribution of nanoparticles can
be evaluated*’. When monitoring the Au signal, a median
diameter of 28 £ 2 nm related to the size of the Au core of the
Au@Si@Gel nanoparticle was obtained (Fig. 2f). In addition,
quantitative  information such as the nanoparticle
concentration of the original suspension was estimated to 3.3 x
10! nanoparticles per mL by SP-ICP-MS. This concentration was
used in the next step to control the number of particles added
to the incubated samples with bacteria proteases.

This journal is © The Royal Society of Chemistry 20xx

nanoparticles and a good control of the silica shell thickness**4>
evaluated to 64 £+ 6 nm by TEM low and high magnification
images in Fig. 2c and Fig. 2d respectively. The sizes of the Au@Si
and Au@Si@Gel were measured to 158 £ 6 nm and 165 + 10 nm
by TEM on a set of 100 particles. The gelatin layer thickness of
Au@Si@Gel was hence evaluated to less than 10 nm. Although
SP-ICP-MS cannot provide information about the thickness of
the nanoparticles shell, by considering the density and molar
mass fraction of SiO,, a median equivalent diameter of 132 + 6
nm (see experimental section) was obtained for the
Au@Si@Gel (Fig. 2g). This provides an evaluation of the whole
core-shell Au@Si@Gel particle size of 160 + 6 nm, which is in
good agreement with the TEM images.

J. Name., 2013, 00, 1-3 | 5
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In addition, it is worth noting that the silica layer has a dual role
for the study. Firstly, it allows to target the whole particles size
by generating a silica shell on one single gold core with a
controlled thickness. Indeed, the size dispersity of the particles
has to be reduced in order to control the level of interface
between substrate and proteases, and thus, generate a
homogeneous surface of contact per particles. Secondly, the
silica shell offers an accurate platform for the adsorption of the
gelatin substrate layer through electrostatic interactions.
Indeed, the pH value used in our experiments is 8 which leads
to negatively charged nanoparticles due to the deprotonated
silanol groups and, simultaneously, positively charged gelatin
protein (isoelectric point close to 9.5). This leads to stable
oppositely charged silica/gelatin complex already designed and
characterized in previous works by our group*647.

Journal Name

ToF-SIMS (Fig. 3b). Concerning Au@Si@Gel nanoparticlescX¥PS
O 1s, N 1s and C 1s core peaks exhibit cRemiedPéMHiFehPRants
characteristic of gelatin similar to the ones of type A gelatin
reference (Fig. 3a). Indeed, two components were detected on
the O 1s core peak. The one at 531.36 eV is assigned to an
oxygen in 0=C-O and O=C-N environments (6.97 atomic percent
concentration, At.%) and the main one at 532.67 eV is
attributed to O-C=0 and mainly O-Si environments (25.5 At.%).
In the gelatin sample it is clear that O-C=0 is a minority
component compared to O=C-O and O=C-N. For the Au@Si,
only a major O-Si environment is detected (57.82 At.%). The
peptide bond environment can also be identified in the N 1s
core peak of the Au@Si@Gel sample at a binding energy of
400.04 eV (11.03 At.%) as well as N=C-NH and N-C
environments at 398.54 eV, less prevalent (0.46 At.%). N 1s

Nis Si 2p
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Fig. 3 XPS and ToF-SIMS characterization of core-shell nanoparticles before biodegradation. a, XPS C 1s, O 1s, N 1s and Si 2p core peaks spectra of i) gelatin reference, ii)
Au@Si and i) Au@Si@Gel; b, ToF-SIMS spectra in negative polarity of i) Au@Si and i) Au@Si@Gel, over 20 to 210 m/z range; the characteristic peaks are labelled in red..

The gelatin outer layer is finally deposited on the gold@silica
particles (Au@Si) using a gelatin solution at 37 °C. Purified
Au@Si@Gel (Fig. 2e) exhibit a thin gelatin layer (<10 nm) visible
on TEM images, which is not the case for Au@Si particles (Fig.
2d).

3.2 Surface characterization of Au@Si@Gel nanoparticles

To characterize the chemical composition of Au@Si and
Au@Si@Gel nanoparticles surface before interaction with
proteases, such particles were analyzed by XPS (Fig. 3a) and

6 | J. Name., 2012, 00, 1-3

signal is not detected for Au@Si nanoparticles. Concerning the
C 1s core peak, three components were found for Au@Si@Gel.
The one at 285 eV is related to the aliphatic carbon of the gelatin
and the adventitious carbon (14.09 At.%), the one at 286.22 eV
refers to C-O/C-N environments from the gelatin molecule
(13.43 At.%) and the one at 288.08 eV to the O=C-N
environment (11.08 At.%). On the other hand, for the Au@Si, C-
C (2.77 At.%), C-O (1.37 At.%) and C=0 (0.6 At.%) are detected
in lower concentrations (Table S1a, S1b and Sic ESIt).

This journal is © The Royal Society of Chemistry 20xx
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ToF-SIMS analyses were also performed on the samples to
identify molecular species at the extreme surface of the
nanoparticles before biodegradation. In the negative polarity,
the mass spectrum of Au@Si nanoparticles displays a series of
characteristic peaks of the silica shell such as SiO, (m/z 59.97),
HSiO, (m/z 60.97), SiO3" (m/z 75.96), HSiO3™ (m/z 76.96), HSi,O5
(m/z 136.93) and HSi;0; (m/z 196.9). These peaks were either
absent or had low intensity in the spectra of the intact
Au@Si@Gel, where gelatin protein peaks CN- (m/z 26.00) and
CNO- (m/z 42.00) were detected (Fig. 3b). In the positive
polarity, a characteristic Si* peak (m/z 27.98) was observed for
Au@Si but not for Au@Si@Gel, where only gelatin-related
peaks, like CH,N* (m/z 28.02) and CH4N* (m/z 30.04) were
detected (Fig. S1 ESIT).

3.3 Detection of protease activity in the culture medium of A.
macleodii by a proteolytic assay.

To confirm the presence of extracellular enzymes produced by
A. macleodii ATCC 27126 a colorimetric azocasein assay (Fig. 4)
was performed to detect proteolytic activity was used3%39,
Compared to the culture medium that did not contain enzymes
and showed no activity, an optical density (OD) of 0.17 + 0.2 was
measured for the A. macleodii culture supernatant, indicating
that the azocasein had been digested by enzymes produced by

:Science:Nano-

ARTICLE

bacterial cells during growth with sodium acetate;as,agarhen
source. This activity corresponds to 31043 1% 1979tRE Nty
obtained with 5 pg/mL of Proteinase K. Although the substrate
in this assay was not gelatine, we confirmed that A. macleodii
produces extracellular enzymes in our culture conditions. In
order to study the ability of these extracellular proteases to
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Fig. 4. Detection of proteolytic activity by extracellular enzymes produced by A.
macleodii.

access to the substrates attached on the surface of
nanoparticles, the biodegradation experiments were
performed with the culture supernatant in absence of bacteria
to avoid any interference coming from the particles/cells
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Fig. 5. ToF-SIMS and XPS analyses of surface of control particles and incubated particles with proteases. a, ToF-SIMS spectra in negative polarity of i) control Au@Si@Gel
incubated 60 min without proteases, ii) Au@Si@Gel incubated 30 min and iii) Au@Si@Gel incubated 60 min over 20 to 210 m/z range; the characteristic peaks are
labelled in red. b, Histogram representing the At.% of C 1s (blue), N 1s (green), O 1s (red) and Si 2p (grey) elements detected at the surface of i) non-incubated Au@Si,
i) non-incubated Au@Si@Gel, iii) control Au@Si@Gel incubated 60 min without proteases, iv) Au@Si@Gel incubated 30 min and v) Au@Si@Gel incubated 60 min, and

calculated from the quantitative XPS analysis.

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins



https://doi.org/10.1039/D3EN00523B

oNOYTULT D WN =

Q7

(GNRS (Gheoi sty honylf0/11/202
AU AWN=O ©

Ry INJSO-
© © N

w N = O

o uUuUuUuuUuubdsDSSSD S A Rblshed 0p02000bes 2023.PuniRadssd
SOOIV NRAWN SOOI RWN SOOI N N

Environmental:Science: Nano

interactions. In addition, since one of the main objectives is to
identify peptides coming exclusively from the gelatin
degradation process, cells had to be removed from culture
supernatant to prevent metabolization or artefacts coming
from the detection of intracellular peptides.

3.4 XPS and ToF-SIMS analysis of nanoparticles surface after
incubation with proteases.

ToF-SIMS was used to obtain extreme surface elemental and
molecular information from the pellets of nanoparticles after
interaction with extracellular proteases. In negative polarity for
the Au@Si@Gel incubated 30 and 60 min in the culture medium
the characteristic peaks from the silica shell SiO,” (m/z 59.97),
HSiO, (m/z 60.97), SiO3 (m/z 75.96), HSiO3™ (m/z 76.96), HSi,O5"
(m/z 136.93) and HSi;0; (m/z 196.90), previously found in the
Au@Si, were detected (Fig. 5a). These peaks where either
absent or had low intensity in the spectra of the control
Au@Si@Gel incubated 60 min without proteases. Protein-
related peaks such as CN- (m/z 26.00) and CNO" (m/z 42.00)
were detected in all samples. This comes as a proof of a partial
degradation of the gelatin layer at the surface of the
nanoparticles incubated with proteases. Furthermore, the
intensity of the silica-related peaks was higher after 60 min of
incubation than after 30 min, showcasing the influence of
incubation time in the degradation process. Moreover, the
confirmation of the assignment of these peaks was achieved
thanks to a ToF-SIMS Tandem MS analysis, where the precursor
ion HSi30; (m/z 196.90) was sent into a CID activation cell and
the consecutive losses of SiO,” or HSiO,", shown as -60 or -61
respectively, were observed (Fig. S2 ESIt). In the positive
polarity, the characteristic Si* peak (m/z 27.98) was found for
the incubated Au@Si@Gel samples at 30 and 60 min (Fig. S3
ESIT). This was not the case for the non-incubated nanoparticles
and the control Au@Si@Gel incubated without proteases,
where only gelatin-related peaks were detected like CH,N* (m/z
28.02).

Additionally, XPS analyses revealed complementary
information on the chemical composition of the samples
surface. A comparison of the XPS spectra of the control
Au@Si@Gel incubated without proteases, and the Au@Si@Gel
incubated 30 and 60 min reveals the same components and
environments for C 1s, O 1s, N 1s and Si 2p core peaks (Fig. S4
ESIT). Especially, the peptide bond environments characteristic
of the gelatin can be identified in N1s and C1s spectra at 400 eV
and 288 eV respectively. The detailed components and
quantitative analysis are presented in Table S1 ESIT. By
comparing the reference Au@Si@Gel and control 60 min
incubated Au@Si@Gel without proteases (Fig. 5b), the
elemental compositions are very similar. A slight difference can
be noticed with a small reduction of carbon from 38.6 At.% to
33.77 At.% and nitrogen from 11.49 At.% to 9.32 At.% as well as
a small increase of oxygen from 32.47 At.% to 37.61 At.% and
silicon from 17.45 At.% to 19.29 At.% for reference Au@Si@Gel
and control Au@Si@Gel respectively. In addition, the
quantitative XPS analyses showed, by comparing to the control
particles, a clear tendency of an increase in the atomic percent
concentrations for both oxygen and silicon in the samples after

8| J. Name., 2012, 00, 1-3

30 min and 60 min of incubation. Indeed, oxygen ingreases from
45.05 At.% to 57.97 At.% and silicon from2537PAY. 958083271
At.% between 30 and 60 min (Fig. 5b). This can be attributed as
an increasing exposure of the silica shell due to gelatin
degradation with the incubation time in presence of
extracellular proteases. Such gelatin degradation process is
further reinforced by the strong decreases of carbon from 23.12
At.% and 9.39 At.% and nitrogen from 6.05 At.% to 1.93 At.% for
Au@Si@Gel incubated with proteases for 30 min and 60 min
respectively.

3.5 Detection and identification through LC-ESI-MS analysis of
peptides release in supernatant after incubation.

LC-ESI-MS/MS was carried out to analyze the supernatants
from the incubation mix of nanoparticles and culture medium
to identify proteolytic peptides coming from the degradation of
gelatin. This technique has already been used in studies related
to gelatin identification and differentiation?®-32, To assess the
fraction of peptides coming from the degradation of gelatin
with the incubation time, Au@Si@Gel nanoparticles incubated
in absence of proteases were also analyzed, as well as the
culture media after 30 min and 60 min of incubation. In
addition, the culture medium after bacteria removal incubated
60 min and a positive control of trypsin-digested gelatin were
also analyzed to make sure the possible peptides detected in
the samples do not come from the culture medium, and to be
able to identify the signal of the gelatin respectively. When
comparing the resulting Total lon Current (TIC) chromatograms,
peaks specific from the samples can be detected between 2.5
min and 10 min of retention time, which is not the case for the
controls (Fig. 6a). Focusing on the Extracted lon Current (XIC)
chromatograms of the samples incubated 30 and 60 min at m/z
842.41, m/z 890.43 and m/z 824.42, an increase in intensity
with incubation time was detected in all three of them, which
indicates a higher quantity of peptides had been released (Fig.
6a).

From the resulting MS/MS data, it was possible to de novo
sequence a series of peptides, using DeNovoGUI*. Peptides,
such as GVQGGKGEQGPAGPPGFQ (m/z 842.41),
GAPGTAGPSGPSGLPGERGAA (m/z 890.43), and
GLMGPRGPPGAVGAPGPQ (m/z 824.42), where the P indicates
hydroxyproline, were successfully sequenced and identified
(100% identity) in the UniProt database as part of the Collagen
type | alpha 2 chain protein of Sus scrofa, with E-value 6.4E-13,
8.4E-15 and 7.3E-13 respectively (Fig. 6b)*1. A complete list of
the identified peptides can be consulted in the Table S2 ESIT for
the positive gelatin control and in the Tables S3 and S4 ESIt for
the supernatant of Au@Si@Gel incubated in the culture
medium for 60 minutes and 30 minutes respectively. Some of
these peptides were presented as gapped by DeNovoGUI. The
gaps in the peptide sequences were completed by inference of
the protein sequences. The amino acid assignment was
confirmed with ProSight Lite*2.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6. LC-ESI-MS/MS characterization of the supernatants after incubation with proteases. a, overlay of the total ion current (TIC) chromatograms of the supernatant of

Au@Si@Gel nanoparticles for 60 min (black), 30 min (blue), the culture medium without nanoparticles (red) and the supernatant of control Au@Si@Gel nanoparticles
(yellow), with three XIC insets showing the intensity change with incubation time. b, MS/MS spectra of the de novo sequenced peptides GVQGGKGEQGPAGPPGFQ (top),
GAPGTAGPSGPSGLPGERGAA (middle) and GLMGPRGPPGAVGAPGPQ (bottom), all found in the supernatant of Au@Si@Gel after 60 min of incubation (P = hydroxyproline).

Related to the nature of the proteins found in the positive
control of trypsin-digested gelatin, three proteins were found.
Collagen type | alpha 2 chain protein with a 22.34% coverage,
Collagen type | alpha 1 chain with a 15.09% coverage and
Collagen type lll alpha 1 chain with a 9.20% coverage (Fig. S5
ESIT). Also, in the supernatant of Au@Si@Gel in culture medium
for 60 min, Collagen type | alpha 2 chain protein with a 16.34%
coverage and Collagen type | alpha 1 chain with a 2.69%
coverage were found, however peptides corresponding to
Collagen type Il alpha 1 chain were not found in this sample
(Fig. S6 ESIT). Furthermore, the absence of these kind of
peptides was confirmed in the control Au@Si@Gel supernatant
incubated without proteases as well as in the culture medium.

This journal is © The Royal Society of Chemistry 20xx

4. Discussion

The mechanisms related to bacteria/nanomaterials interactions
in environment especially those focused on the complex
processes of microbial biodegradation at nanoscale are poorly
studied in literature. However, the nano-scaled biodegradation
related mechanisms are of primary importance due to the high
bioavailability of nanoparticulated organic matter in
ecosystems?3°3, In the Ocean, phytoplankton releases large
amount of dissolved organic matter that is rapidly degraded by
heterotrophic bacteria. This process plays a central role in
carbon cycling in the Ocean. A large part (30-60%) of this

J. Name., 2013, 00, 1-3 | 9

Please do not adjust margins



https://doi.org/10.1039/D3EN00523B

oNOYTULT D WN =

Q7

(GNRS (Gheoi sty honylf0/11/202
AU AWN=O ©

Ry INJSO-
© © N

w N = O

o uUuUuUuuUuubdsDSSSD S A Rblshed 0p02000bes 2023.PuniRadssd
SOOIV NRAWN SOOI RWN SOOI N N

Environmental:Science: Nano

released organic carbon consists of particles with size ranging
from 1 nm to 200 nm. Microbial degradation of these
nanoparticles generally requires ectoenzymes that hydrolyze
macromolecules to smaller compounds that are used by
bacteria for growth18>4,

In addition, the current dissemination in environment of nano-
scaled emerging contaminants like nanoplastics or inorganic
manufactured nanoparticles constitutes a major issue that can
impact ecosystems, especially microbes that are at the lowest
trophic level®1220.21 The ability of nanoparticles to vectorize
organic or inorganic contaminants through physical or chemical
binding on their surface may interfere with the natural
biodegradation processes??21.2355 Concerning micro- and
nanoplastics, the possibility of using microorganisms to
biodegrade them is the focus of many studies?®>.

However, highlighting by a direct methodology such
biodegradation mechanisms occurring on the surface of
nanoparticles is challenging and not reported up to now in
literature. This implies not only to demonstrate an enzymatic
behavior of bacteria toward a given substrate but also an
effective accessibility of the enzymes to the substrate at the
surface of nanoparticles. We respond to those issues in this
work by adopting an approach based on the use of model
particles and the implementation of a combination of
techniques that allow (i) to probe the chemical composition of
the surface of nanoparticles at nanoscale and (ii) to track
peptides from the enzymatic degradation process.

Concerning the first point, the model particles have a core-shell
architecture to bring several functions in one single unit. Each
particle has a single 30 nm gold core that was used as a metal
probe to provide a control of the particles concentration.
Indeed, SP-ICP-MS allows the quantification in terms of particle
concentration through the elemental detection of gold that
comes exclusively from the gold core*3. A silica shell around 65
nm thick was subsequently coated through a sol-gel process on
the gold core to provide (i) a platform for the gelatin deposition
and (ii) a control of the final size of the particles. For the first
point, the deposition of gelatin on the silica shell was carried
out through electrostatic interactions due to opposite charges
between gelatin and silica. Indeed, the isoelectric points of type
A gelatin and silica are 9.5 and 2 respectively leading to
positively charged gelatin and negatively charged silica at
neutral pH. The TEM images of the Au@Si@Gel attest of the
gelatin corona on the silica shell. Concerning the second point,
the control of the final size of close to 160 nm is facilitated by
the so-called well-known Stober sol-gel process providing
monodispersed silica particles®’.

The study of the biodegradation process was carried out using
A. macleodii ATCC 27126 as model bacteria. This strain is known
to degrade gelatin?6=2% and we demonstrated the presence of
proteolytic activity in the culture supernatant. In literature, the
production of proteases by Alteromonas macleodii has already
been demonstrated in studies focused on the topic of dissolved
organic matter (DOM). For instance, it has been shown using
HPLC and fluorescence imaging that peptide can be completely
degraded by Alteromonas proteases into individual amino acids.
Alteromonas  use hydrolysis  as

mainly  extracellular

10 | J. Name., 2012, 00, 1-3

decomposition pathway that other bacteria, unablg.fo produce
these type of enzymes, may benefit frath*cL0R0GUP TASDEHRB
presence of proteases in the incubation medium was confirmed
through a proteolytic azocasein assay3%3°.

Focusing on the gelatin biodegradation, several papers have
reported related processes through different methodologies
and using different morphology of the gelatin substrates. For
instance, the biodegradation of gelatin films by various bacteria
and fungi has been studied by indirect impedance, weight loss
and dehydrogenase activity®7°8, without in-depth
characterizing in detail the gelatin film at nanoscale. More
recently, the degradation process on a gelatin-alginate
microcapsule by enzymes has been accurately characterized by
1H NMR spectroscopy®?, but the enzymes employed in this study
were highly specific to the substrate and did not come from
microorganisms. In another study, gelatin nanoparticles coated
by red blood cell membranes were studied as an antibiotic
delivery system able to release the drug triggered by bacterial
exotoxins and using gelatinase-positive bacterial species®. In
such study, the gelatin is located in the core and no in-depth
characterization of the biodegradation process was realized.

In our work, the main objective was to demonstrate a
proteolytic behavior of bacteria proteases even when the
substrate is only available as a thin coating (less than 10 nm) on
nanoparticles. The main question relied on the ability of
enzymes to access to the cleavage sites of the substrate in such
nanometer scaled confined state, which implies steric
constraints that are not encountered in the case of dissolved
matter. Moreover, this question remains of a great importance
in environment since organic matter adsorbed on natural
particles or disseminated nano-scaled contaminants including
manufactured particles or nanoplastics alter the bioavailability
of substrates in ecosystems. As discussed above, this question
cannot be treated without the design of model particles that
allow to adjust the physico-chemical parameters for controlling
the adsorption behavior of the substrate. But the
demonstration of the surface biodegradation process required
also a specific methodology based on a combination of
analytical techniques able to characterize separately both the
supernatant and the surface of particles at nanoscale. To our
knowledge, such methodology has never been conducted
before.

In a first step, the detailed analysis of the chemical composition
of the surface of particles incubated with proteases were
realized and has been performed through the characterization
of the pellets by ToF-SIMS and XPS. Indeed, such techniques are
particularly suitable for the analysis of materials surface at the
nanoscale providing chemical information to a depth of 1 nm to
10 nm respectively. For Au@Si@Gel pellets incubated 30 and 60
min, it was possible to detect both characteristic silica peaks
(previously detected in the non-incubated Au@Si
nanoparticles) and gelatin related peaks, in contrast to
reference and control Au@Si@Gel, where the silica peaks were
absent or barely detected (Fig. 3, Fig. 5 and Fig. S2 ESIt).
Moreover, the silica peaks increased in intensity with
incubation time. This was also observed by the XPS quantitative
analysis in Fig. 5b supported by the Table S1 in ESIt where

This journal is © The Royal Society of Chemistry 20xx
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changes in the elemental composition were detected. A clear
evolution could be observed in the pellets where the
percentage composition in oxygen and silicon increased in
direct proportion with incubation time, being higher after 60
minutes of incubation than after 30 minutes, with levels
comparable to the Au@Si reference particles. These results are
in agreements with the evolution of the amount of carbon and
nitrogen elements, which decreases with incubation time.

In a second step, the identification of collagen-related peptides
has been made in the supernatants after the incubation with
proteases solution by ESI-MS analysis (Fig. 6). In the samples,
two proteins were identified, Collagen type | alpha 2 chain
(16.34% coverage) and Collagen type | alpha 1 chain (2.69%
coverage) from Sus scrofa. The same proteins were found in the
positive control of trypsin-digested gelatin. Those peptides, not
found in control samples (Fig. 6a), were sequenced de novo
from MS/MS data (Fig. 6b). The full set of sequences is displayed
in the Tables S2, S3 and S4 in ESIT. The matching identities of
pig collagen peptides in both incubated particles samples and
trypsin-digested gelatin control sample confirm the proteolytic
behavior against gelatin in the presence of particles. This first
step was essential to demonstrate the gelatin biodegradation
through the identification of at least 26 peptides in the medium
after interactions of Au@Si@Gel nanoparticles with bacteria
proteases.

5. Conclusions

Considering the above results, we have demonstrated here for
the first time an enzymatic biodegradation process occurring at
the surface of nanoparticles. Model core-shell
gold/silica/gelatin nanoparticles were synthesized to provide
both a control of the substrate adsorption and of the
concentration of substrate through the precise quantification
by SP-ICP-MS of the number of particles in the solution. Using
Alteromonas macleodii as model bacteria, we confirm the
presence and activity of extracellular enzymes through a
proteolytic assay. The accessibility of extracellular proteases to
the protein cleavage sites was particularly evidenced by both
the identification of peptide amino acid sequences in the
medium and the demonstration of organic biodegradation at
the surface of the particles. The biodegradation mechanism was
characterized through a novel methodology based on the
implementation of mass spectrometry and photo-electron
spectroscopy highly sensitive techniques able to provide
complementary molecular and elemental information at the
nanoscale level. LC-ESI-MS/MS was performed to identify in the
incubation medium at least 26 pig collagen peptides which were
de novo sequenced from MS/MS data. XPS and ToF-
SIMS/Tandem MS were used to demonstrate the partial gelatin
biodegradation at the surface of the particles at the nanoscale
level through the characterization of the elemental and
molecular composition (depth resolution from 1 nm to 10 nm).
The incubation time of particles with proteases had a direct
influence on the amount of gelatin degraded. The degradation
process led to an increasing exposition of the silica shell with

This journal is © The Royal Society of Chemistry 20xx
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time and concomitantly, a reduction of carbon and njtregen.on
the particles surface. DOI: 10.1039/D3EN00523B
In this study, the control of the physico-chemical parameters
has been carried out through the use of model particles and the
implementation of reproducible incubation conditions.
However, investigations in our group are currently in progress
to better understand the effect of the physico-chemical
parameters and the type of substrate on the biodegradation
process. Especially, the temperature and the pH variation are
expected to have a great influence on the extension of the
gelatin chains at the particles/water interface which
consequently may affect the accessibility of the proteases to the
cleavage sites. By varying the type of substrate, the
biodegradation behavior might also be affected due to the
modulation of the binding process on the particles surface
and/or the localization of the cleavage sites.
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