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In this publication the gold sorption behavior of surface layer (S-layer) proteins (Slp1) of Lysinibacillus sphaericus JG-B53 is described. These
biomolecules arrange in paracrystalline two-dimensional arrays on surfaces, bind metals, and are thus interesting for several biotechnical
applications, such as biosorptive materials for the removal or recovery of different elements from the environment and industrial processes. The
deposition of Au(0) nanoparticles on S-layers, either by S-layer directed syntheS|s or adsorption of nanopartlcles opens new possibilities for
diverse sensory applications. Although numerous studies have described the biosorptive properties of S-layers 5 , a deeper understanding of
protein-protein and protein-metal interaction still remains challenging. In the following study, inductively coupled mass spectrometry (ICP-MS)
was used for the detection of metal sorption by suspended S-layers. This was correlated to measurements of quartz crystal microbalance with
dissipation monitoring (QCM-D), which allows the online detection of proteinaceous monolayer formation and metal deposition, and thus, a more
detailed understanding on metal binding.

The ICP-MS results indicated that the binding of Au(lll) to the suspended S-layer polymers is pH dependent. The maximum binding of Au(lll) was
obtained at pH 4.0. The QCM-D investigations enabled the detection of Au(lll) sorption as well as the deposition of Au(0)-NPs in real-time during
the in situ experiments. Further, this method allowed studying the influence of metal binding on the protein lattice stability of Sip1. Structural
properties and protein layer stability could be visualized directly after QCM-D experiment using atomic force microscopy (AFM). In conclusion,
the combination of these different methods provides a deeper understanding of metal binding by bacterial S-layer proteins in suspension or as
monolayers on either bacterial cells or recrystallized surfaces.

Video Link

The video component of this article can be found at https://www.jove.com/video/53572/

Introduction

Due to the increasing use of gold for several appllcatlons like electronics, catalysts, biosensors, or medical instruments, the demand of this
precious metal has grown over the last few years' time ®°. Gold as well as many other precious and heavg metals are released into the
environment via industrial effluents in dilute concentrations, through mining activities, and waste disposal although most environmental
contamination by heavy or precious metals is an on-going process mainly caused by technological activities. This leads to a significant
interference of natural ecosystems and could potentially threaten human health ° . Knowing these negative outcomes promotes the search

for new techniques to remove metals from contaminated ecosystems and improvements in recycling metals from industrial wastewater
Well-established physico-chemical methods like precipitation or ion exchange are not so effective, espemally in highly diluted solutions ’
Biosorption, either with living or dead biomass, is an attractive alternative for wastewater treatment '®'2. The use of such biological materlals
can reduce the consumption of toxic chemicals. Many microorganisms have been described to accumulate or immobilize metals. For instance,
cells of Lysinibacillus sphaericus (L. szf)haerlcus) JG-A12 have shown high blndlng capacities for precious metals, e.g., Pd(ll), Pt(Il), Au (III% and
other toxic metals like Pb(ll) or U(VI ceIIs of Bacillus megaterium for Cr(VI) ™, cells of Saccharomyces cerevisiae for Pt(ll) and Pd(ll) ~, and
Chlorella vulgar for Au(lll) and U(VI) " The bmdlng of previous metals like Au(III) Pd(Il), and Pt(Il) has also been reported for Desulfov:brlo
desulfuricans'® and for L. sphaericus JG- B53 °2°, Nevertheless, not all microbes bind high amounts of metals and their application as sorptive
material is limited '2%'. Furthermore, metal binding capacity depends on different parameters, e.g., cell composition, the used bio-component, or
environmental and experimental conditions (pH, ionic strength, temperature etc.). The study of isolated cell wall fragments 22 ke membrane
lipids, peptidoglycan, proteins, or other components, helps to understand the metal binding processes of complex constructed whole cells 2",

The cell components focused on in this study are S-layer proteins. S-layer proteins are parts of the outer cell envelope of many bacteria and
archaea, and they constitute about 15 - 20% of the total protein mass of these organisms. As the first interface to the environment, these cell
compounds strongly influence the bacterial sorption properties 3, S-layer proteins with molecular weights ranging from forty to hundreds of
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kDa are produced within the cell, but are assembled outside where they are able to form layers on the lipid membranes or polymeric cell wall
components. Once isolated, nearly all S-layer proteins have the intrinsic property to spontaneously self-assemble in suspension, at interfaces,
or on surfaces forming planar or tube-like structures ®. The thickness of the protein monolayer depends on the bacteria and is within a range of
5-25nm 2. In general, the formed S-Iza‘yer protein structures can have an oblique (p7 or p2), square (p4), or hexagonal (p3 or p6) symmetr%

with lattice constants of 2.5 to 35 nm >, The lattice formation seems to be in many cases dependent on divalent cations and mainly on Ca

25,26, Raff, J. et al. S-layer based nanocomposites for industrial applications in Protein-based Engineered Nanostructures. (eds Tijana Z. Grove & Aitziber L. Cortajarena) (Springer, 2016 (Submitted))

Nevertheless, the full reaction cascade of monomer folding, monomer-monomer interaction, the formation of a lattice, and the role of different
metals, especially of divalent cations such as Ca?" and Mgz+, are still not fully understood.

The gram-positive strain L. sphaericus JG-B53 (renamed from Bacillus sphaericus after new phylogenetic classification) %" was isolated from the
uranium mining waste pile "Haberland" (Johanngeorgenstadt, Saxony, Germany) 42829 ts functional S-layer protein (SIp1) possesses a square
lattice, a molecular weight of 116 kDa % and a thickness of = 10 nm on living bacteria cells ' n previous studies, the in vitro formation of a
closed and stable protein layer with a thickness of approximately 10 nm was achieved in less than 10 min '®, The related strain L. sphaericus
JG-A12, also an isolate from the "Haberland" pile, possesses high metal binding capacities and its isolated agler protein has shown a high
chemical and mechanical stability and good sorption rates for precious metals like Au(lll), Pt(ll), and Pd(ll) *. This binding of precious
metals is more or less specific for some metals and depends on the availability of functional groups on the outer and inner protein surface of the
polymer and in its pores, ionic strength, and the pH value. Relevant functional groups for metal interaction by the proteins are COOH-, NH,-,
OH-, POy, SO, and SO-. In principle, metal binding capacities open a wide spectrum of apJalications,Raff’ J-etal. S-layer based nanacomposites for industrial
applications in Protein-based Engineered Nanostructures. (eds Tijana Z. Grove & Aitziber L. Cortajarena) (Springer, 2016 (submitte: ))'e.g., as biosorptive components for removal or
recovery of dissolved toxic or valuable metals, templates for synthesis or defined deposition of regularly structured metallic nanoparticles (NPs)
for catalysis, and other bio-engineered materials like bio-sensory layers 351833 Regularly arranged NP arrays like Au(0)-NPs could be used for
major applications ranging from molecular electronics and biosensors, ultrahigh density storage devices, and catalysts for CO-oxidation 3437
The development of such applications and smart design of these materials necessitates a deeper understanding of the underlying metal binding
mechanisms.

S-|
4,32,

A prerequisite for the development of such bio-based materials is the reliable implementation of an interface layer between the biomolecule and
the technical surface . For example, polyelectrolytes assembled with the layer-by-layer (LbL) technique 4041 have been used as an interface
layer for recrystallization of S-layer proteins *°. Such an interface offers a relatively easy way to perform the protein coating in a reproducible and
quantitative way. By performing different experiments with and without modification with adhesive promoters, it is possible to make statements
regarding coating Kinetics, layer stability, and interaction of metals with biomolecules 19.42,Raff, J. ot al. SHayer based nanocompositas for indusirial applications in
Protein-based Engineered Nanostructures. (eds Tijana Z. Grove & Aitziber L. Cortajarena) (Springer, 2016 (submmed)). However, the complex mechanism of the protein adsorption
and protein-surface interaction is not completely understood. Especially information on conformation, pattern orientation, and coating densities is
still missing.

Quartz crystal microbalance with dissipation monitoring (QCM-D) technique has attracted attention in the recent years as a tool for studying
protein adsorption, coating kinetics, and interaction processes on the nanometer scale 194345 Thig technique allows for the detailed detection of
mass adsorption in real-time, and can be used as an indicator for the protein self-assembling process and coupling of functional molecules on
protein lattices 1920424648 | addition, QCM-D measurements open the possibility to study metal interaction processes with the proteinaceous
layer under natural biological conditions. In a recent study, the interaction of the S-layer protein with selected metals like Eu(lll), Au(lll), Pd(ll),and
Pt(Il) has been studied with QCM-D 1920 The adsorbed protein layer can serve as a simplified model of a cell wall of gram-positive bacteria. The
study of this single component can contribute to a deeper understanding of metal interaction. However, solely QCM-D experiments do not allow
statements regarding surface structures and influences of metals to protein. Other techniques are necessary to obtain such information. One
possibility for imaging bio-nanostructures and obtaining information on structural properties is the atomic force microscopy (AFM).

The objective of the presented study was to investigate the sorption of gold (Au(lll) and Au(0)-NPs) to S-layer proteins, in particular Slp1 of

L. sphaericus JG-B53. Experiments were done with suspended proteins on batch scale in a pH range of 2.0 - 5.0 using ICP-MS and with
immobilized S-layers using QCM-D. Additionally, the influence of metal salt solution on the lattice stability was investigated with subsequent AFM
studies. The combination of these techniques contributes to a better understanding of in vitro metal interaction processes as a tool for learning
more about binding events on whole bacterial cells regarding specific metal affinities. This knowledge is not only crucial for the development

of applicable filter materials for the recovery of metals for environmental protection and the conservation of resources 49, but also for the
development of arrays of highly ordered metallic NPs for various technical applications.

1. Microorganism and Cultivation Conditions

Note: All experiments were done under sterile conditions. L. sphaericus JG-B53 was obtained from a cryo-preserved culture 29.30,

1. Transfer cryo-preserved culture (1.5 ml) under the clean bench to 300 ml sterile nutrient broth (NB) media (3 g/L meat extract, 5 g/L peptone,
10 g/L NaCl). Afterwards stir the solution for at least 6 hr at 30 °C to obtain the pre-culture for cultivation.
2. Cultivate the bacteria under aerobic conditions in NB media at pH = 7.0, 30 °C in a 70 L scaled steam-in-place bioreactor. Therefore, fill the
reactor with = 57 L deionized water. Add and dissolve solid NB media directly in bioreactor (concentrations see above).
1. Additionally add antifoam agent (30 pl/L NB-media) to the media to suppress foam formation during cultivation, then autoclave (122 °C,
temperature holding time 30 min) the media inside the reactor facility.

3. Cool down the media and perform complete oxygen saturation. Adjust the pH to 7.0 (using 1 M H,SO4 and 2 M NaOH) and start the
automatic inoculation of the 300 ml pre-culture. Start the data recording of cultivation parameters at the inoculation point. Log online
parameters e.g., dissolved oxygen level (dO,), acid and base addition, and pH-values within the cultivation.
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4.

1. Monitor the bacterial growth online by the non-invasive turbidity measurements.

Perform additional sampling after every hour of cultivation and determine further parameter such as bio dry weight (BDW) and offline optical
density (OD). Therefore, collect 20 ml cultivation broth at each sampling point under sterile conditions.
1. Determine offline OD by photometric measurements of the adsorption at 600 nm. Use sterile filtrated NB-medium as a blank value.
After reaching adsorption >0.4 dilute the cell suspension following the linearity of the Lambert-Beer law.
2. For determination of BDW centrifuge 1 to 5 ml of bacterial suspension (depending on cell density) at 5,000 x g for 5 min at RT. Dry the
obtained cell pellet at 105 °C in a heating oven up to mass stability and measure the pellet mass.

Take microscopic images with optical phase contrast research microscope in 400 and 1,000 fold magnification (phase contrast condenser 2
and 3 respectively) for checking of the bacterial growth and as a cross-contamination control.

After reaching the exponential growth phase detected by online dO, and online turbidity, harvest the biomass by flow-through centrifugation at
15,000 x g, 4 °C and wash the biomass twice with standard buffer (50 mM TRIS, 10 mM MgCl,, 3 mM NaNg3, pH = 7.5).

Note: The obtained biomass pellet can be stored at -18 °C until further usage for isolation.

2. S-layer Protein Isolation and Purification

Note: Purify Slp1 polymers according to an adapted method as described previously

1.

2.

10.

1.

12.

2,19,30,32,50,51

Homogenize the washed and defrosted crude biomass obtained from cultivation in standard buffer (1:1 (w/v)) to remove flagella by using a
disperser (level 3, 10 min) under ice bath cooling at 4 °C.

Centrifuge the suspension (8,000 x g, 4 °C for 20 min) and wash the obtained pellet twice with standard buffer (1:1 (w/v)). After washing and
centrifugation (8,000 x g, 4 °C for 20 min), resuspend the pellet in standard buffer (1:1 (w/v)), add DNase Il and RNase (0.4 units/g biomass)
to the suspension and disintegrate the cells at 1,000 bar with a high-pressure homogenizer. Afterwards centrifuge the suspension at 27,500 x
g,4°Cfor1hr.

Note: Control cell suspension with the research microscope. Rupture is completed when less than 2 - 3 intact cells are visible in the view field
of the microscope in 400 fold magnification.

Wash the pellet twice with standard buffer (1:1 (w/v)) and perform the centrifugation again. Afterwards resuspend the pellet in standard buffer
(2:1 (w/v)) mixed with 1% Triton X-100 and incubate it for 20 min under successive shaking (100 rpm) to solubilize lipid deposits.

Centrifuge the solution (27,500 x g, 4 °C for 1 hr) and wash the obtained pellet three times with standard buffer (1:1 (w/v)).

Incubate the pellet obtained after additional centrlfugatlon (27,500 x g, 4 °C for 1 hr) for 6 hr in standard buffer (1:1 (w/v)) mixed with 0.2 g/L
lysozyme, to hydrolyze linkages in peptldoglycan Addltlonally add DNase Il and RNase (each 0.4 units/g biomass) to the suspension.

After centrifugation (45,500 x g, 4 °C, 1 hr), resuspend the upper white protein phase with a low volume of the centrifugation supernatant (<30
ml) containing protein subunits.

Solubilize the white suspension by mixing 1:1 with 6 M guanidine hydrochloride (6 M GuHCI, 50 mM TRIS, pH = 7.2). The solution becomes
bright.

Perform sterile filtration (0.2 uym) of the GuHCI treated solution followed by an additional high-speed centrifugation (45,500 x g, 4 °C for 1 hr).
Transfer the supernatant to dialysis membrane tubes (MWCO 50,000 Dalton) and dialyzed it against recrystallization buffer (1.5 mM TRIS, 10
mM CaCl,, pH = 8.0) for 48 hr.

Transfer the white recrystallized protein polymer solution into tubes and centrifuge at 45,500 x g, 4 °C for 1 hr. Resuspend the pellet in a low
volume of ultrapure water (<30 ml).

Afterwards, transfer the suspension into dialysis membrane tubes and perform a dialysis against ultrapure water for 24 hr to remove buffer
content.

Note: Several changes of buffer or ultrapure water during dialysis are indispensable.

Lyophilize the purified Slp1 in a freeze dryer.

3. Characterization and Quantification of Slp1 for Experiments

Note: Slp1 concentration for sorption and coating experiments were quantified by UV-VIS spectrophotometry.

1.

2.

3.

Pipette 2 pl of dissolved SIp1 sample directly onto the lower measurement pedestal of the photometer. Determine protein concentration
at adsorption maximum at a wavelength of 280 nm, characteristic for proteins. Use the extinction coefficient of 0.61 to determine Sip1
concentration. Use Slp1 free solution for reference measurements.

Dilute the protein with the buffer (for sorption experiments in batch mode use 0.9% NaCl, pH = 6.0 and for QCM-D experiments use
recrystallization buffer, pH = 8.0) to desired concentration for experiments (1 g/L and 0.2 g/L respectively).

Analyze Slp1 quality and molecular weight by the standard bioanalytical method sodium dodecyl sulfate polyacrylamide electrophoresis
(SDS-PAGE) described by Laemmli, U. K.°®

1. Perform SDS-PAGE before using Slp1 within experiments and e.g., after Au(0)-NP incubation using 10% polyacrylamide separation
gels.

2. For SDS-samples mix =10 pl of the cultivation or protein sample with sample buffer (1.97 g TRIS, 5 mg bromophenol blue, 5.8 ml
glycerin, 1 g SDS, 2.5 ml B-mercaptoethanol, fill with ultrapure water to 50 ml) in a ratio of 1:1 (v/v) and pipette the mixture after 4 min
incubation at 95 °C into the gel pockets.

3. Run SDS-PAGE 30 min at a voltage of 60 V until the samples pass the collection gel and change voltage to 120 V once passing the
separation gel.

4. Remove the gels from the gel system, rinse with ultrapure water and place for 1 hr into fixation solution (10% acidic acid, 50% absolute
ethanol). Afterwards, rinse the gels with ultrapure water.
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5. Stain gels by using an adapted unspecific colloidal Coomassie brilliant blue method 5354 After destaining72’73, take SDS-PAGE images
by the gel documentation system according to manufacturer's protocol.

4. Sorption Experiments in Batch-mode and Metal Quantification

1. For batch sorption experiments prepare Au(lll) stock solution from HAuCl, - 3 H,0, dilute the metal salt and mix it with the Slp1/ NaCl solution
to an initial metal concentration of 1 mM and final SIp1 concentration of 1 g/L. Perform experiments in triplets with an additional negative
control without Sip1. Use a total volume of 5 ml for sorption experiments.

2. Shake the suspension continuously at RT at different pre-adjusted pH values between 2.0 to 5.0 for 24 hr (adjust pH with low concentrated
HCI and NaOH solution).

3. After sorption, centrifuge the samples at 15,000 x g, 4 °C for 20 min) to separate Slp1 from supernatant.

4. Transfer the supernatant into ultrafiltration tubes (MWCO 50,000 Da) and centrifuge this at 15,000 x g, 4 °C for 20 min to remove dissolved
protein monomers.

5. Determine the metal concentration in the resulting filtrate by ICP-MS 1920 and use the results for back-calculation of sorbed metal by the Sip1
dry mass. Measuring principles, opportunities of the method and components of the used ICP-MS were described in literature ™.

1. Prepare samples and references for ICP-MS measurements using 1% HNO3; as matrix and rhodium as an internal standard (1 mg/ml).

5. Synthesis of Au-NP and Determination of Particle Size

Note: Citrate stabilized Au(0)-NP were synthesized according to an adapted method described previously by Mahlpfordt, H. et al. (1982) to
obtain spherical particles with a diameter of 10 - 15 nm 8657,

1. Prepare a stabilized 25 mM HAuCl, - 3 H,O stock for the NP formation.
. Dilute 250 pl of this stock solution in 19.75 ml ultrapure water and incubate these at 61 °C for 15 min under successive shaking.
3. Prepare 5 ml of a second stock solution (12 mM tannic acid, 7 mM sodium citrate di-hydrate, 0.05 mM K,CO3) and incubate the 2" solution
separately at 61 °C for 15 min.
4. Add under constant stirring the 2" stock solution to solution one. Stir the reaction mixture for at least 10 min at 61 °C. Afterwards cool down
the solution and use it for NP coating on Slp1 lattice within QCM-D experiments.
Note: The resulting Au(0)-NP were characterized with UV-VIS spectroscopy at the absorbance maximum of 520 nm, typically used for the
detection of formed Au(0)-NPs %8 The solution can be stored at 4 °C.
5. Analyze the size of the formed Au(0)-NP by photon correlation spectroscopy (PCS) which is also known as dynamic light scattering.
1. For determination of NP size, transfer 1.5 ml of synthesized Au(0)-NP solution into cuvettes under dust-free conditions in a laminar
flow box and analyze it with a size and zeta potential particle sizer. A detailed description of PCS and sample preparation is given in
Schurtenberger, P. et al. (1993) % and Jain, R. et al. (2015) &0

6. QCM-D Experiments - Slp1 Coating on Surfaces and Au-NP Adsorption onto Slp1 Lattice

Note: Measurements were carried out with a QCM-D equipped with up to four flow modules. All QCM-D experiments were performed with a
constant flow rate of 125 pl/min at 25 °C. SIp1 coating and metal/NP incubation were done on SiO, piezoelectric AT-cut quartz sensors (& 14 mm)
with a fundamental frequency of = 5 MHz. Rinsing steps and addition of solution are marked in the figures of the representative results part. The
QCM-D experiments could be described as a step by step way beginning with cleaning and surface modification of the used sensors followed by
SlIp1 recrystallization and later on the metal and metal NP interaction.

1. Cleaning Procedures:

1. Equip the fluid cells with sensor dummies. Pump at least 20 ml (each per module) of an alkaline liquid cleansing agent (2% cleanser in
ultrapure water (v/v)) through the QCM-D and tube system. Afterwards pump the fivefold volume (each per module) of ultrapure water
through the system (flow rate up to 300 ul/min). Perform the cleaning according to the manufacturer's protocol.

2. Clean the SiO, sensors outside the flow modules by incubation (at least 20 min) in 2% SDS solution and rinse the sensors afterwards

several times with ultrapure water 61,62

Dry the crystals with filtered compressed air and place them in an ozone cleaning chamber for 20 min
Repeat the cleaning procedure twice to remove all organic contents.

To remove bound metals from the sensor surface rinse the sensors with 1 M HNO;. Afterwards, perform all rinsing steps with ultrapure

water.

63,64

ok

2. Sensor Surface Modification by Polyelectrolytes:
Note: Surface modification can be done either inside (flow through procedure) or outside the flow module (LbL technique). Within these
experiments the following way to modify the surfaces was used.
1. Modify the sensors with 3 g/L of alternating PE layers of polyethylene imine (PEI, MW 25,000) and polystyrene sulfonate (PSS, MW
1790,000) via dip coating using LbL technique 4041 Jescribed previously for the special used system in the article by Suhr, M. et al. (2014)

2. Place the sensors inside the appropriate PE-solution in deep well plates and incubate these for 10 min at RT.

3. Take the sensors out of PE-solution and rinse the sensors between every dip coating step intensively with ultrapure water.
Note: The new surface modification consists of at least three PE layer terminating with positively charged PEI.

4. After this external modification place the sensors inside the flow module and equilibrate the sensors by rinsing with ultrapure water
before starting the experiments.
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3. Slp1 Monolayer Recrystallization:

1. Dissolve Slp1 in 4 M urea for converting polymers into monomers.

2. Centrifuge the monomerized proteins at 15,000 x g, 4 °C for 1 hr to remove bigger protein agglomerates.

3. Mix the solubilized and centrifuged Slp1 supernatant with recrystallization buffer to a final protein concentration of 0.2 g/L.

Note: The calcium depending recrystallization of Sip1 (self-assembling) starts by addition of the recrystallization buffer. Therefore,
pump the mixed solution with a flow rate of 125 pl/min to the sensors (placed inside the flow modules) immediately. The
recrystallization is done after stable values of frequency and dissipation shifts were detected within QCM-D experiments.

4. After successful protein recrystallization on top of the PE-modified sensors inside the flow modules rinse the coated sensors with
recrystallization buffer or ultrapure waterintensively with a flow rate of 125 pl/min until stable values of frequency and dissipation shifts
were detected.

Note: The SiO, surface modification with PE for later sorption experiments onto Slp1 monolayer and AFM studies is visualized in
Figure 1.

70 0 ewarne
W solution

PEI '
i) iVpuRiY i
PSS @ Polyelectrolytes } Modified
Sio surface
PEI Q 2 QCM-D
uartz sensor

Figure 1. Schematic Design of PE Surface Modification and Slp1 Monolayer Coating; This figure has been modified from Suhr, M. et al.
(2015) 19 with permission from Springer. Please click here to view a larger version of this figure.

4. Metal and Metal NP Interaction:
Note: The sorption with the Au metal salt solution (HAuCl, - 3 H,O) was carried out in concentrations of 1 mM or 5 mM at pH = 6.0 in 0.9%
NaCl solutions. Au-NP adsorption was done with undiluted Au-NPs in 1.6 mM tri-sodium-citrate buffer at pH = 5.0.

1. After successful Slp1 coating in the flow modules, rinse the obtained Slp1 layer intensively with 0.9% NaCl solution until stable values
of frequency and dissipation shifts were detected.

2. Pump the prepared metal solution (1 mM) and NP solution to the flow modules with a flow rate of 125 pl/min and track the mass
adsorption to the Slp1 layer. Mass adsorption can be detected directly by tracking the frequency shifts referring to the Sauerbrey
equation (Equation 1).

3. After completing the metal and metal NP interaction, rinse the layer with metal/NP free buffer to remove weak bound or weak attached
metals or nanoparticles.

Note: An illustration of the experimental setup is shown in Figure 2.

computer elecironic :
i ‘| it I,‘- p———— S
: i flow module the flow module g W of liquics!

evaluation - - substances and

b (v oso temperature
[ —— | - | contol
b:\‘ . Adsorption of
‘ = particles/ions/

tube system malecules
e
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Figure 2. Schematic Design of QCM-D Setup using Flow Module QFM 401*%°. Please click here to view a larger version of this figure.
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5. Data Recording and Evaluation:

1. Record the shifts in frequency in Hz (Af,,) and dissipation (AD,) within the QCM-D experiments by usingEQCM-D specific software.

2. Use for evaluation of the adsorbed mass sensitivity (Am) the Sauerbrey equation/model (Equation 1) ® that is valid for thin and rigid
films coupled without friction to the sensor surface applied to the n'" overtone. The term C (Sauerbrey constant) for the used 5 MHz AT
cut quartz sensor is 17.7 ng - Hz™" - cm™®®. For rigid, evenly distributed, and sufficiently thin adsorbed layers use Equation 1 as a good
approximation.

1 T, .
Am=—C -~ - Af,, C=17.7 Hz_fmz (Equation 1)

3. Perform additional modeling according to the Kelvin-Voigt model valid for viscoelastic molecules
software and compare the results with that of the Sauerbrey model.

4. For calculation of the layer thickness and mass adsorption use as important modelling parameter a layer density of the adsorbed layer
of1.35¢g- cm® corresponding to values described previously for S-layer proteins 7275 Use the same value for the calculation of metal
interaction with the proteinaceous layer.

6871 with the manufacturer specific
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7. AFM Measurements

1. Perform studies with fully capable AFM on an inverted optical microscope.

1. Record AFM images in liquid using the recrystallization buffer or ultrapure water directly on the coated QCM-D sensors.

2. Rinse the sensors with ultrapure water after QCM-D experiments and place them inside the AFM fluid cell. Therefore, use a closed fluid
cell with a total volume of about 1.5 ml. Keep the temperature of the fluid cell constant at 30 °C.

3. Use a cantilever with a resonance frequency of = 25 kHz in water and a stiffness of <0.1 N/m. Adjust the scanning speed between 2.5
and 10 pm/sec.

4. Take images in dynamic contact mode while the cantilever is excited by a piezo at its resonance frequency. Determine the distance of
the cantilever to the surface by the oscillation damping e,
Note: Height images are shown with z-scale while z- values represent the exact topography of the surface. Amplitude (Pseudo 3D)
images are shown without z-scale because amplitude z-values depend on scanning parameters and bear limited information. Analysis
of images was done using three different evaluation software's s

Representative Results

Cultivation of Microorganisms and Slp1 Characterization

The recorded data of bacterial growth indicates the end of the exponential growth phase at around 5 hr. Prewous investigations have shown that
SlIp1 can be isolated from this point of harvest (4.36 g/L wet biomass (= 1.45 g/L (BDW)) with a maximum y|eld °. Nevertheless, optimization of
cultivation by using defined media components or fed-batch cultivation strategies would lead to higher biomass yields. This is inalienable for the
use of high amount of biomass for industrial applications. The values from the online and offline recorded cultivation parameters are summarized
in Figure 3A. Microscopic control (Figure 3B) at the time of harvest show non-sporulated cells of L. sphaericus JG-B53.
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Figure 3: (A) online and offline measured cultivation parameters of L. sphaericus JG-B53 and (B) microscopic image of vital bacteria cells of L.
sphaericus JG-B53 at the time of harvest in 400 fold magnification; This figure has been modified from Suhr, M. et al. (2014) ' with permission
from Springer. Please click here to view a larger version of this figure.

Also, an additionally made SDS-PAGE protein profile (Figure 4A) indicates the maximum amount of Slp1 at the time of 5 hr of cultivation. The
protein band corresponding to Slp1 (= 150 kDa) is thicker, but from here on a loss in intensity was observed accompanied by an increase in
proteins with lower molecular weight caused by possible protein fragmentation or segregation of other proteins. The bands of isolated and
purified proteins obtained by the method mentioned above (Figure 4B) correspond to a molecular weight of approximately 150 kDa, which is
heavier than the calculated weight based on sequencing data of Slp1 (116 kDa)  This is probably due to posttranslational modifications. Other
reasons for the mlsmatch between theoretical molecular mass and the observed molecular mass in SDS gels are possibly charge dependent
artefacts in the SDS gel

Figure 4. Protein Profiles Made by SDS- PAGE of (A) disintegrated bacteria ceIIs obtained from cultivation samples and (B) purified Slp1 after
successful isolation; This figure has been modified from Suhr, M. et al. (2014) 9 with permission from Springer. Please click here to view a larger
version of this figure.

Batch-sorption Experiments and Determination of Au with ICP-MS
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The maximum metal binding capacities (qmax) of Au(lll) by suspended Sip1 are shown in Figure 5. The results show that Au(lll) was stably
bound by Slp1 during the 24 hr incubation within the investigated pH range. Results indicate g, in the range of approximately 80 - 100 mg
Au(lll)/g Slp1. The summarized values (Table 1) were compared with the sorption capacity of around 75 mg Au(lll)/g Slp1 reported previously by
Suhr, M. et al. (2014) obtained from experiments with self-adjusting pH-values by addition of the metal salt solution (pH = 4.3) "° To summarize,
Slp1 has shown the ability to bind high amounts of initially added Au(lll) proving its high binding capacities for this element.

120 -

-

o

o
L

co
o

Omax (Mg Au(lll) /g Slp1)
& 3

N
o

pHgradient
50 45 =43 40 35 30 25 20
Suhr, M.
etal. (2014)
Figure 5. Diagram of Maximum Metal Binding Capacities (qmnax) of Au(lll) to Sip1 pol}(mers within pH-adjusted experiments compared to
sorption results using self-adjusted pH-values (= 4.3) reported by Suhr, M. et al. (2014) °. Please click here to view a larger version of this figure.

The calculated metal removal efficiencies (RE) within the investigated pH range were between 50 - 60% thus confirming the results made

by Suhr, M. et al. (2014) where values of around 40% were achieved. In previously made experiments, strong interactions of Au(lll) with the
functional groups e.g., carboxylic-, hydroxyl-, and amino groups, has been observed for S-layer proteins like Slp1 and for the comparative protein
SIfB of L. sphaericus JG-A12 ke Jankowski, U. et al. (2010) detected spectroscodpically a strong interaction of Au(lll) mainly with carboxylic
groups of SIfB that could also be deduced for Sip1 of L. sphaericus JG-B53 20,7980 Also, intrinsic protein properties that would reduce Au(lll) to
Au(0) in the absence of reducing agents could be a reason for the strong interaction . Furthermore, the results of this study show the tendency
of a preferred binding of Sip1 at lower pH-values. On the other hand, a binding at lower pH-values could also lead to a denaturation of Sip1.
Studies to the SIp1 proved a protein stability down to pH = 3.0 (unpublished results). From desorption experiments under acidic conditions, using
e.g., nitric acid or using complexing agents like EDTA or citrate (data not shown), verifies that gold was stably bound and could not be released
from SIp1 polymers.

Au(lll) on Sip1 of L. sphaericus JG-B53
Cinitial (MQ/L) | 196.97
pH 5 45 =432 4 3.5 3 2.5 2
value
Omax 88.3 85.3 74.7 102.5 94.1 81 101.9 96.9
(mg Au(lll) /
g Sip1)
RE 471 47.8 37.9 57.1 54.1 448 58.7 56.5
(%)

Table 1: Maximum Metal Binding Capacities (qmax) and Metal Removal Efficiencies (RE) of Batch-sorption Experiments with Au(lll) and
Sip1 Polymers in Solution Analyzed by ICP-MS. Data compared to previously published results from Suhr, M. et al. (2014) 9

SIp1 Monolayer Recrystallization Tracked by QCM-D
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The immediate decrease in frequency (Afs, Af;, Afg, Afy4) indicates a rapid adsorption and a high affinity of the proteins to the PE modified
surface (Figure 6A). Equal to the fast change in frequency, the dissipation (ADs, AD7, ADg, AD44) also increases immediately. This fact indicates
an adsorption of viscoelastic molecules to the surface because of fast damping resulting in increasing dissipation values. The maximum
frequency shift is achieved after 5 min with a value of = 95 Hz and AD of 4.2. At a later stage only rearrangements of recrystallized Slp1 occur.
Slp1 adsorption was thusly carried out for over 60 min to ensure the formation of an almost fully covered surface and regularly ordered protein
lattice. The experiment shows that the positively charged PE Iayer |s inalienable for achieving stable coatings, negative ending modification leads

to a weak adsorption and longer coating kinetics (data not shown)

. Weakly attached proteins and agglomerates were removed by rinsing with

Slp1-free recrystallization buffer. The small changes of Af,, confirm the low protein desorption and stable adsorption of Sip1. Despite this the
dissipation drops down to = 2.8 indicating that bigger elastic molecules are removed.
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Figure 6. Recrystallization of Slp1 on Modified S|02 Sensors Analyzed by QCM-D; (A) in Af/AD plot and (B) surface thickness profile; This
figure has been modified from Suhr, M. et al. (2014)

version of this figure.

® with permission from Springer and Suhr, M. (2015)

. Please click here to view a larger

The surface profile calculated by using the previous mentioned models show a SIp1 monolayer thickness of = 11.2 nm (Kelvin-Voigt model for
elastic films) and of 10.0 nm (Sauerbrey model for rigid layer) (Figure 6B). These values are lower than those reported by Suhr, M. et al. (2014).
The differences can be explained by a different used value of protein layer density within the modelling. The current values should be closer

to realities of layer thickness of S-layer proteins on the cell surface of living cells of L. sphaericus JG-| B53°

2. This modelling demonstrates

that the Sauerbrey relatlon is inappropriate for acoustical thin proteinaceous layer, because of a propagation of the shear acoustic wave in
82 that results in an underestimation of the adsorbed SIp1 mass and thickness. This can be explained by the elastic
properties of S-layer proteins and its coupling of water molecules during the adsorption process. The mteractlon of water with proteins can be

viscoelastic liquid films ®

easily described by formation of hydration shells, viscous drag or entrapment in cavities in the adsorbed Iayer

®. This effects a higher layer

thickness measured by the Kelvin-Voigt model and can also clarify the differences in the layer thickness obtained by the two different models. In
previous AFM studies, layer thicknesses of Slp1 lattices of around 8-12 nm were measured. By calculating the mass adsorption of Sip1, instead
of layer thickness, a total Am of 1506.6 ng - cm” (KeIV|n-V0|gt model) was calculated. The data of mass adsorption on surfaces are summed up

in Table 2 and show a high mass adsorption by using the values of the Kelvin-Voigt model.

Mpax AMppax thickness thickness
(nglcm?) (nglcm?) (nm) (nm)
(Kelvin-Voigt) (Sauerbrey) (Kelvin-Voigt) (Sauerbrey)
Slp1 after coating and 1,505.6 1,351.6 11.2 10
rinsing

Table 2: Adsorbed Mass of Slp1 on Modified Polyelectrolyte SiO, Crystals Analyzed by QCM-D after Rinsing with Recrystallization
Buffer (pH = 8.0) and Calculated Layer Thickness.

QCM-D as Tool for Detection of Metal and Metal NP Interaction with Proteinaceous Slp1 Monolayer
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The interaction of recrystallized Slp1 monolayer with 1 mM and 5 mM dissolved Au(lll) was investigated. The results of total adsorbed mass
obtained from calculations and modeling of the recorded data of changes in frequency and dissipation are summarized in Table 3. The QCM-

D studies of Au(lll) interaction with the monolayers provide a deeper understanding of the metal-biomolecule interaction. For the first time, the
binding capacity, sorption kinetics, and how the metal influences the protein stability were studied in a nano-range. After the addition of the metal
salt solution to the SIp1 monolayer the frequency decreased within the first 5 min indicating a fast mass adsorption. Nevertheless, the adsorption
of Au was not completed after 60 min as described for other metals like Pd(ll) in previous studies ~. The mass increase occurs up to 18 hr. After
this time, rinsing steps were performed with metal free buffer showmg that the adsorbed metal is almost stably bound to the recrystallized Slp1
layer. Finally, a total metal absorption of 955.0 + 2.7 ng - cm" (KeIV|n-V0|gt model) was obtained in case of the 1 mM Au(lll) solution and 4,534.4
+55ng-cm 2 (Kelvin-Voigt model) in case of 5 mM Au(lll). The higher values obtained by 5 mM Au(lll) solutions can be explained by intrinsic
reduction properties of Slp1 where smallest metallic Au(O% -NP were formed from this solution. These reducing properties of Slp1 have been
already reported in previous studies for Pd(ll) and Au(lll) 2337984 The data also showed that the interaction with the gold solution does not lead
to a destabilization of the protein layers. This indicates the specific and stable binding of Au(lll) to Slp1, which has been also confirmed by ICP-
MS measurements using protein polymers.

The formation of Au(0)-NP during the synthesis could be visualized by color change from the starting yellow solution to a reddish one. This color
change is caused by the excitation of the surface plasmon oscillations of metallic nanoparticles and proves the formation of Au(0)-NPs 78
Furthermore smaller NPs could be synthesized by the variation of the concentration of the reducing agent (higher tannic acid concentratlon)
visible in a different coloring of solution and verified by results of PCS measurements (data not shown). On the other hand, increasing tannic acid
concentration leads to a loss of NP stability and NPs tend to agglomerate 0 As proof of principle, pre-synthesized Au(0)-NPs (size distribution of
10 - 18 nm measured by PCS seen in Figure 7A) were incubated with suspended Slp1 for 48 hr and analyzed by SDS-PAGE. The protein profile
shown in Figure 7B verifies the conclusion drawn from QCM-D data, that Au(0)-NPs do not disturb the Slp1 structure. The observed protein
bands at 150 kDa prove the presence of intact Sip1.
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Figure 7. (A) Number weighted size distribution of pre-synthesized Au(0)-NPs measured by PCS and (B) SDS-PAGE protein profile of SIp1; lane
1: 2 pg Slp1 before Au(0)-NPs interaction and lane 2: 1 ug Slp1 polymers in suspension after 48 hr incubation with pre-synthesized Au(0)-NPs.
Please click here to view a larger version of this figure.

After the NP-synthesis and characterization, QCM-D experiments were carried out. The adsorption of pre-synthesized metallic Au(0)-NPs is
exemplarily shown for QCM-D experiments in Af/AD plots (Figure 8A) and as thickness and mass profiles (Figure 8B).
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Figure 8. Adsorption of Pre-synthesized Au(0)-NPs onto Recrystallized Sip1 Lattice Analyzed by QCM-D, (A) in Af/AD plot and (B) layer
surface and mass profile. Please click here to view a larger version of this figure.

It could be confirmed that QCM-D can be used to detect the adsorption of the 10 - 18 nm spherical Au(0)-NPs. After addition of the undiluted Au-
NP solution (Aszo nm = 1) obtained by the described synthesis, the frequency decreases, which is a direct indicator of mass adsorption described
by the prediction of the Sauerbrey equation (Equation 1). The adsorption of Au(0)-NPs was almost completed within less than 60 min. After

this time no more NPs were deposited on the top of the Sip1 lattice, so it can be assumed that all reactive sites or pores were occupied by
Au(0)-NPs. The shown decrease in dissipation can be affiliated to the stiffening of Slp1 lattice cause by the NP interaction. The values of total
mass adsorption are summed up in Table 3. Even intensive rinsing with the NP-free citrate buffer leads neither to a desorption of NPs nor to a
detachment of the Slp1 monolayer. Therefore, a stable and strong interaction can be predicted for the Au(0)-NP interaction in the same respect
as with Au(lll).

Metal Cretal AMpax AMpax thickness thickness
(nglcm?) (nglcm?) (nm) (nm)
(Kelvin-Voigt) (Sauerbrey) (Kelvin-Voigt) (Sauerbrey)
Au(lll) 1 mM 955 932.6 - -
5mM 4,534.4 4,687.9 - -
Au(0)- - 1,382.9 1,382.7 10.2 10.2
NPs

Table 3: Adsorbed Mass on Recrystallized Sip1 Lattice after Au(lll) Interaction (pH = 6.0) and Au-NP Adsorption (pH = 4.7) Analyzed
by QCI\1II9-D and Calculation of Layer Thickness after Au(0)-NP Coating. Data compared to previously published results from Suhr, M. et al.
(2014) .

AFM for Visualization of Nanometer Scaled Structures

Subsequent AFM studies after QCM-D experiments were performed to obtain structural information of Sip1 self-assemblies before and after
their interaction with metals and NPs. This is necessary to correlate the mass adsorption detected during the QCM-D experiments with the
completeness of protein coatings and the protein lattice structures allowing statements about protein layer stability. In Figure 9, the protein lattice
of Slp1 recrystallized on PE modified sensors is shown with its typical square lattice (p4) as amplitude images. The lattice constant could be
determined as 13 - 14 nm, which is comparable to results of previous experiments % The layer thickness of 10 nm + 2.0 nm measured by AFM
verified the predicted layer thickness of the QCM-D measurements of = 11.2 nm (Kelvin-Voigt modelling). The small difference in the surface
height can be explained by the fact that the calculated QCM-D fit considers the whole sensor area while the high resolution AFM study only
shows a partial area. Given this, protein agglomerates that were attached to the sensor surface were included in the calculation of the adsorbed
mass respectively to the layer thickness and led to a higher layer thickness than determined by AFM.
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Figure 9. AFM Amplitude Image of Recrystallized Slp1 Lattice of L. sphaericus JG-B53 on QCM-D Crystals Directly after Coating and
Rinsing with Buffer and Magnification of Marked Region; This figure has been modified from Suhr, M. et al. (2014) ' with permission from
Springer. Please click here to view a larger version of this figure.

Subsequent to Au(lll) and Au(0)-NP interaction with Slp1 and measurements performed with QCM-D, the sensor surfaces were investigated

by AFM. Figure 10 shows the intact Slp1 lattice after incubation with Au(lll) solution. It can be shown that after the incubation the protein lattice
remained completely intact. This confirms the results from the QCM-D experiments that predicted the stability of the coating. In Figure 11A

and B the adsorbed pre-synthesized Au(0)-NPs (size varies from 10 - 18 nm determined by PCS) on the SIp1 lattice are shown. Due to the
particle size, the Au(0)-NPs are adsorbed in the SIp1 pores and do not follow the p4-symmetry of Sip1. Au(0)-NPs are statistical distributed on
protein lattice. By measuring the particle sizes in AFM height images (data not shown) the size of the NPs is in the range of 16 - 23 nm and even
smaller, namely in the range of approximately 10 nm 920 This verifies the determined NP size measured previously by PCS (seen in Figure 8).
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Figure 10. AFM Amplitude Image of Recrystallized and Intact Sip1 Lattice on QCM-D Sensor Crystals after Incubation of 5 mM Au(lll)
Solution and Maognification of Marked Region; This figure has been maodified from Suhr, M. et al. (2014) 19 with permission from Springer and
Suhr, M. (2015) 20 Pplease click here to view a larger version of this figure.
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Figure 11. (A) AFM amplitude image of adsorbed Au(0)-NPs on recrystallized Slp1 lattice on QCM-D sensor crystals (left) and (B) 3D
reconstructed surface profile (right); This fié;ure has been modified from Suhr, M. (2015) 2 with permission from Springer and Raff, J. et al.
(201 6) Raff, J. et al. S-layer based nanocomposites for industrial applications in Protein-based Engineered Nanostructures. (eds Tijana Z. Grove & Aitziber L. Cortajarena) (Springer, 2016 (submitted))

Please click here to view a larger version of this figure.

In this work studied the binding of Au to S-layer proteins was investigated using a combination of different analytical methods. In particular, the
binding of Au is very attractive not only for the recovery of Au from mining waters or process solutions, but also for the construction of materials,
e.g., sensory surfaces. For studies of the Au interaction (Au(lll) and Au(0)-NPs) with suspended and recrystallized monolayer of Slp1, the protein
had to be isolated. Therefore, this study has shown the successful cultivation of the gram-positive bacterial strain L. sphaericus JG-B53 and the
isolation of the surface layer protein Slp1. Nevertheless, the cultivation and protein isolation remain challenging and should be optimized. A large
scale production of biomass and S-layer proteins is a precondition for an industrial application of both, e.g., for the production of metal selective
filter materials. Their application potential is undoubtedly high for the removal of toxic metals or the recovery of valuable metals dissolved in
process water, waste water, or drainage water. Furthermore, the application potential for S-layers is even larger considering their additional
potential in other bio-inspired materials, such as biosensors and catalysts.

The batch-sorption experiments of suspended Slp1 polymers indicated a high and stable binding of Au(lll) within the investigated pH-range from
2.0 to 5.0. Thereby, metal removal efficiencies of up to 60% could be reached. This remarkable binding behavior can be explained by a strong
interaction of Au(lll) with SIp1 probably induced through interaction of carboxylic groups and nitrogen bearing groups present on the surface of
the protein. This arguments could be strengthen by FTIR and EXAFS investigation of the similar strain L. sphaericus JG-A12 3279 Also, intrinsic
reducing properties of SIp1 can explain the high RE of Au(lll) by reducing it to nanoparticular Au(0). It can be assumed that S-layer, as first
interface of bacteria to the environment, should be mainly involved in metal binding. Within the investigated pH range, the highest metal binding
capacity with 102.5 mg Au(lll)/g Slp1 was achieved at gH 4.0. This binding capacity is higher than reported for other bio-components, e.g., for
isolated cell wall of Bacillus subtilis (71.5 mg Au(lll)/g) ® or for biomass of Chlorella vulgaris (98.5 mg Au(lll)/g) 8

ICP-MS used for determination of the bound metal by Slp1 polymers is very sensitive method and enables the detection of smallest amounts of
gold in this study. ICP-MS offers many benefits for performing trace metal determinations, e.g., easy handling system and low detection limits;
in case of gold down to 0.1 - 1 ppt. This makes this method a versatile tool for investigating biosorptive processes in low concentration ranges.
However, the results in this investigation were gained with suspended S-layer polymers and cannot be easily transferred to S-layer lattices
recrystallized on surfaces, and therefore show the limitation of ICP-MS. For example, no direct relation of isolated protein polymers could be
made to those S-layer structures on vital bacteria cells. In addition, the ICP-MS measurements do not allow the determination of the kinetic of
metal sorption. Therefore, it is necessary to find methods more suitable for the investigation of the metal binding by thin immobilized protein
films.

In the present study, QCM-D analyses were applied to detect the in situ formation of S-layer lattices on surfaces as well as the deposition of Au
on the proteins. Therefore, QCM-D is a robust and reproducible method for the recognition of molecule adsorption and interaction processes .
Additionally QCM-D is a relatively simple, cost-effective, and nonhazardous method to monitor such processes online. The method has the
advantage to detect mass change with a maximum mass sensitivity in liquids of = 0.5 ng - cm. This enables the possibility to detect even weak
interaction, e.g., of protein with dissolved metals or to measure adsorptions in low concentration ranges. The disadvantage of QCM-D is that this
is not a structure imaging method that allows the visualization of e.g., protein lattices. Therefore, other techniques are needed.

The QCM-D analyses in this study were followed by AFM imaging. The combination of these methods allowed the study of the sorption

kinetics and consequences of Au sorption for the coating, thus proving that they are versatile tools for investigating metal interaction of thin
proteinaceous films. Further, it was shown that a reliable recrystallization of the S-layer proteins on technical supports is essential for subsequent
protein interaction studies. Therefore, modifications of the surfaces using adhesion promotors are of interest. The described implementation of
polyelectrolytes (ending with positively charged PEs) as intermediate layer between SiO, surfaces and protein layer lead to an improved method
for a fast protein coating. The positive effect of a positively charge polyelectrolyte layer has been described previously for e.g., immobilization

of vital bacteria cells of L. sphaericus JG-B53 3 The implementation of the presented PE-layers are the most important and critical step for the
later successful and reproducible recrystallization of S-layer proteins.

It could be demonstrated that for the investigation of thin layers of Slp1, QCM-D is a good method to show the mass adsorption respective to
the protein recrystallization as monolayer films in real time. This could also be observed previously for the reassembly of the S-layer protein
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SbpA of L. sphaericus CCM2177 . By using subsequent high-resolution AFM analyses changes of the lattice structure of the protein self-
assemblies can be visualized. AFM measurements revealed the p4 symmetry of Slp1 and confirm the modelled layer thickness of Sip1 of about
10 nm. Also, the direct interaction of dissolved metal ions with the protein layer could be monitored by QCM-D proving good binding of Au(lll)
by the underlying protein layer. The probable formation of the smallest Au(0)-NPs from Au(lll) solution inside protein pores caused by intrinsic
reducing properties of the Slp1 lattice within QCM-D measurements could not been detected by subsequent AFM measurements. This could be
related to the resolution limit of AFM and the experimental set up in this study. This shows the limitation of this technique and the necessity of
high resolution imaging for biomolecules in the sub nanometer scale. However, a high stability of the recrystallized Slp1 layer could be deduced
from the obtained QCM-results and was confirmed by AFM investigation.

In conclusion, it could be shown that Sip1 polymers have high metal binding capacities for gold within the investigated pH-range. Furthermore,
the investigation reveals that the Slp1 lattice is a good matrix metal ion binding and for the immobilization of metallic nanoparticles. It could

be shown that each method used in this article has the possibility to detect even small metal interactions, or in case of AFM can visualize
structures in the nanoscale range. Although, it is only by the combination of these shown methods, that has allowed to improve the knowledge
and understanding of the investigated proteins on a molecular level.

Mainly, QCM-D and AFM are the preferred methods of choice for future investigation of protein monolayer adsorption and their interaction with
metals and functional molecules. By combining these two methods, the detection of S-layer protein adsorption processes and surface imaging
provides an insight into molecular processes that may be able to be transferred to enhance the knowledge of living bacteria and the interaction
with their environment. This study showed an excerpt of possible methods helpful for understanding protein and metal interaction. Other helpful
techniques that could enhance the knowledge of such processes in detail ranging from diverse spectrometric and chromatographic methods to

spectroscopic investigation of biomolecules and should be included in future studies.
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