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“If you try and take a cat apart to see how it works, the first thing you have on your hands is
a nonworking cat.”

Douglas Adams
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Abstract

In the production of therapeutic antibodies and recombinant proteins the downstream process
is still responsible for most of the production costs, supporting the development of innovative
methods. Silica in the form of silica gel is the most common material used in the history of
liquid chromatography. The main advantages of silica gel are high solvolytic and mechanical
stability, porous structure, and high specific surface area thus offering a new, inexpensive, and
scalable method to improve one of the major tools of the downstream process: preparative
chromatography. Despite its widespread use, the interactions of biomolecules such as amino
acids and DNA taking place at the aqueous-silica interface are still not fully understood. With
the use of chromatographic zonal elution and flow microcalorimetry experiments combined
with molecular dynamics simulation this work sheds light on the interaction of the 20 amino
acids in different buffer systems revealing lysine and arginine as strong silica binders. Selected
capped L-alanine and L-arginine were used to reveal the individual contribution of backbone
and functional charged groups of the amino acids. Experiments and simulations indicated that
electrostatic interactions dominate the interaction of amino acids with silica. The mechanism is
not classical ion exchange but ion-pairing, indicated by the flow microcalorimetry profile,
which shows no desorption before the adsorption event. Based on the results from amino acid
interactions the rational designed (RH)4 peptide tag was chosen to purify fusion proteins with
a bare silica chromatographic column with over 90% purity and recovery in one run.
Additionally, simulation and batch adsorption experiments helped to explain dsDNA adsorption
in the presence of different salts and amino acids. Adsorption of DNA to silica is dominated by
the concentration and valency of positively charged ions in the solution highlighted by a
cooperative adsorption model. The higher the concentration and valency, the higher the
adsorbed amount of DNA. The results demonstrate the importance of different charges on
biomolecules as well as different charged ions in the surrounding environment for the complex
biomolecule-silica interaction in aqueous solutions. These findings could also be applicable to
other inorganic-biomolecule interactions in medicine and biotechnology to help understand the
complex interactions between biomolecules and inorganic surfaces. The designed peptide-tag
combined with the purification process allows bare silica to be exploited in preparative
chromatography for downstream bioprocessing. This method is not only restricted to large scale

but also for everyday laboratory use.



Kurzzusammenfassung

Bei der Herstellung von therapeutischen Antikorpern und rekombinanten Proteinen ist die
Aufreinigung immer noch fiir den groften Teil der Produktionskosten verantwortlich. Dies
fordert die Entwicklung innovativer Methoden. Silicagel ist das am héufigsten verwendete
Material in der Geschichte der Fliissigkeitschromatographie. Die Hauptvorteile von Silicagel
sind die hohe solvolytische und mechanische Stabilitdt, die porése Struktur und die hohe
spezifische Oberflache. Dadurch bietet es eine neue, kostengiinstige und skalierbare Methode
zur Verbesserung eines der wichtigsten Werkzeuge der Proteinreinigung: die préparative
Chromatographie. Trotz ihrer weiten Verbreitung sind die Wechselwirkungen von
Biomolekiillen wie Aminosduren und DNA, die an der Grenzfliche zwischen Wasser und
Silicagel stattfinden, noch immer nicht vollstindig verstanden. Durch chromatographische
Elutions- und Durchflussmikrokalorimetrieexperimente in Verbindung mit Molekulardynamik-
simulationen wird in dieser Arbeit die Wechselwirkung der 20 Aminoséuren in verschiedenen
Puffersystemen beleuchtet, wobei Lysin und Arginin als starke Bindungspartner identifiziert
wurden. Ausgewdhlte Derivate von L-Alanine und L-Arginine wurden verwendet, um den
individuellen Beitrag des Riickgrats und der funktionellen, geladenen Gruppen der
Aminosduren zu ermitteln. Experimente und Simulationen zeigten, dass elektrostatische
Wechselwirkungen die Interaktion von Aminosduren mit Silica dominieren. Bei dem
Mechanismus handelt es sich nicht um einen klassischen Ionenaustausch, sondern um eine
Ionenpaarung, da das Profil der Durchflussmikrokalorimetrie keine Desorption vor dem
Adsorptionsereignis zeigt. Auf der Grundlage der Ergebnisse der Aminosdure-Interaktionen
wurde der rational entworfene (RH)4-Peptid-Tag ausgewihlt, um Fusionsproteine mit einer
reinen Silicagel-Chromatographiesdule mit iiber 90 % Reinheit und Wiederfindung in einem
Durchlauf zu reinigen. Zusitzlich halfen Simulationen und Batch-Adsorptionsexperimente die
Adsorption von dsDNA in Gegenwart verschiedener Salze und Aminoséuren zu erkldren. Die
Adsorption von DNA an Siliziumdioxid wird von der Konzentration und der Wertigkeit der
positiv geladenen Ionen in der Losung bestimmt. Dies wird durch ein kooperatives
Adsorptionsmodell verdeutlicht. Je hoher die Konzentration und die Wertigkeit, desto groBer
ist die adsorbierte DNA-Menge. Die Ergebnisse zeigen, wie wichtig unterschiedliche Ladungen
von Biomolekiilen sowie unterschiedlich geladene Ionen in der Umgebung fiir die komplexe
Wechselwirkung zwischen Biomolekiilen und Silicagel in wissrigen Losungen sind. Diese
Ergebnisse konnen auch auf andere Wechselwirkungen zwischen anorganischen Biomolekiilen
in der Medizin und Biotechnologie angewendet werden und zum Verstindnis der komplexen

Wechselwirkungen zwischen Biomolekiilen und anorganischen Oberflichen beitragen. Der



untersuchte Peptid-Tag in Verbindung mit dem Reinigungsverfahren ermoglicht die Nutzung
von reinem Siliziumdioxid in der préparativen Chromatographie fiir die Proteinreinigung. Diese
Methode ist nicht nur auf den GroBmaBstab beschrinkt, sondern kann auch im Laboralltag

eingesetzt werden.
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Introduction

1 Introduction

Silica is an unknown hero in the history of humankind, and the scientific tale of silica has many
chapters. Silica was there when life began around 3.5 billion years ago as a key player.
Disguised as stone tools, silica contributed to the evolution of humankind to create and
understand technology, mathematics, and other complex systems, which finally led to whom
we are today. Silica is omnipresent in our world, and you probably cannot live a day without
encountering silica directly or something that was made with its help. The importance of
interactions at the silica-water-interface thus already rose with the origin of life and is what
keeps us alive today. > Every drop of water you drink was filtered through silica at some point,
and many of the drugs taken against deadly diseases are produced with the help of modified
silica in the form of stationary chromatographic phases.> However, silica has hardly been used
in its pure form for bioproduct processing, despite its high binding affinity towards proteins and
DNA.* Instead, silica is usually used as a carrier material due to its high chemical and
mechanical stability. Therefore, the surface must first be functionalized, which leads to a
reduced binding capacity of the material, increased material costs, and, at the same time, the
functional ligands tend to be unstable.’ In connection with the growing demand for high-quality
bioproducts, the demand for alternative, low-cost purification processes rises. Consequently,
the question arises on how biomolecules interact at the aqueous silica surface and whether it is
possible to use earth-abundant materials such as silica in combination with solid-binding

peptide tags for cost-efficient purification of recombinant fusion proteins.

After critically reviewing the existing literature on silica, chromatography, and silica-
biomolecule interactions Section 3.1 shows the scientific new results on the interaction between
all 20 amino acids individually with silica in the context of buffer effects. A deeper
understanding of the interaction process and the underlying mechanism improves the
understanding of protein-silica interactions. Hence, in Section 3.2, differently capped amino
acids are studied to identify the contribution of the individual functional groups of the amino
acids on the interaction. After identifying silica binding amino acids, a suitable peptide tag is
further validated and tested in Section 3.3. The implementation of a model for amino acid-silica

interactions led to the investigation of DNA binding to silica in Section 3.4.

You are about to find out how and why biomolecules interact with inorganic oxide surfaces
such as silica and how we can make use of this knowledge for protein and DNA purification.
Starting with the smallest building blocks, the amino acids, up to the purification of a protein

using a newly designed peptide tag.



Introduction

1.1  Silica

Silica is the combination of the two most abundant elements in the Earth’s crust. Oxygen and
silicon make up 46.6% and 27.7% of the Earth’s crust (Figure 1.1), respectively.®’ This
abundance manifest in the wide variety of silica and silicate materials resulting in the ubiquity
of silica. Silicone is also the eighth most common element in the universe, originating from the
stellar evolution of massive stars. The nuclear fusion reaction forms large amounts of
magnesium, silicon, and oxygen, and after exploding as a supernova, the newly formed

elements are discharged into deep space, accumulating on rocky planets, like Earth.

Aluminium (Al),
8.1%

Potassium (K), Iron (Fe), 5.0%

2.6%

Figure 1.1 The elite eight of the Earth’s crust.

Generally, silica takes the form of a triangular pyramid, or rather, a tetrahedron, where four
oxygen atoms corner the silicon atom (Figure 1.2 A).!*°"12 This tetrahedron form exists for two
reasons. First, silicon has four bonds to fill, and second, the four oxygen binding partners repel
each other due to their charge."'! The silica tetrahedron is not just a stable pyramid. The four
oxygen atoms leave the silica tetrahedron incomplete because every oxygen itself needs to
engage two bonds. One solution for this issue is the assembly of multiple silica tetrahedra
resulting in each oxygen atom being shared by two silicon atoms (Figure 1.2 B). In this bigger,
more complex silica there are, on average, two oxygen atoms per one silicon atom, also known
as silicon dioxide (SiO2).""'%!® Nevertheless, how much silica tetrahedra assemble, there will
always be unsaturated oxygen atoms at the periphery. In the presence of water, hydrogen atoms
substitute as second partner resulting in terminal hydroxyl (OH) groups (Figure 1.2 C
and D).11-13
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Figure 1.2: The forms of silica: (A) The silica tetrahedron. (B) Silica tetrahedra. (C) Silica acid. (D) Silica
tetrahedra with hydrogen atoms saturating the peripheral oxygen atoms (OH). The solid lines indicate bonds
between atoms; the dashed lines outline the tetrahedral shape.

Depending on its origin, silica is present in different crystalline and amorphous allotropic forms.
In nature, silica is usually found as quartz, the only polymorph stable at Earth’s surface, which
makes up about 12-14 wt% of the Earth’s crust mass, second after feldspar.® Quartz is also the
primary component of most sands. However, SiO> is also important in biology in the form of
silica biomineralization, also known as biosilicification, a process by which organisms
incorporate silica into their skeletal structure.'*"!7 Eukaryotes like diatoms, radiolarians, and
siliceous sponges use this process to enhance their structural integrity, and some higher plants
such as rice and horsetail use biosilicification to reduce biotic and abiotic stress.
Biosilicification in prokaryotes is less well studied and just recently has been recognized.!'* It
is yet unclear if and how silica is vital for animals, but due to omnipresence of silica, animals
are constantly ingesting silica.! The wide range of applications attributable to the intrinsic
properties of silica has led to increasing attention an research on biosilicification in the context

of the constant call for sustainability to conserve natural resoruces.'>!¢

1.1.1 Properties and manufacturing process

The intrinsic properties of silica originate from the strong Si-O bond and the three-dimensional
connectivity of the tetrahedra.!*»!12!¥ The four sp’ orbitals of silicon overlap with the 2p
orbitals of the four oxygen atoms coordinating around the silicon to form strong ¢ bonds.? The

mean bond length of Si-O in the tetrahedra is 0.162 nm, which is responsible for the high bond
3
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strength. Due to the high bond strength, silica has a high melting point of ~2000 °C and a high
hardness of 1103 — 1260 kg mm™? (Vickers hardness test).>"!* Therefore, silica is also almost
stable towards thermal expansion or high-pressure compression, reacting with rotating or tilting
of the tetrahedra.’ Silica is practically chemically inert to acids, except for hydrofluoric acid,
but prone to being dissolved in alkali solutions.!"'? Furthermore, silica has insulating properties
regarding heat and electricity.® Crystalline silica such as quartz responds to applied mechanical
stress with electric polarization resulting in an electric current. This so-called direct
piezoelectric effect was discovered in 1880 by Pierre and Jacques Curie.!* The process is also
reversible: An applied electric field changes the shape of the quartz crystal, and an alternating
field even causes crystals to vibrate. Other properties of silica such as particle size, porosity,
pore size, surface area, or surface chemistry depend on the origin of the used material and the

manufacturing process.>!!:12:20

As silica can be crystalline or amorphous and thus is used for different applications, various
manufacturing processes exist. Crystalline silica in the form of natural quartz is usually gained
by quarrying followed by further processing to uniform and clean the quartz grains from
impurities. Impurities can be accessory minerals such as feldspar, iron oxides, titanium oxides,
but also ions incorporated in the crystal structure such as iron, aluminum, potassium, calcium,
and sodium.>?*! To get rid of theses impurities various cleaning processes are used including,
amongst others: washing, crushing, grinding, sieving, magnetic separation, chemical treatment,
and color sorting. Amorphous silica in nature is found as diatomite, which refers to sedimented,
fossilized remains of single-celled diatoms.***? Diatomite exhibits low density, high porosity,
and low thermal conductivity. Diatoms are algae that use unique proteins for the
biosilicification of silicic acid monomers from the surrounding water to enhance their
membrane with silica, called a frustule.”> Diatomite deposits are found worldwide and are
mined in open-cast mines. The most crucial part of mining diatoms is to keep the structural
integrity of the porous diatom skeleton intact to retain the high porosity. Drying or calcination
removes impurities such as water and organic substances. A homogeneous particle-size

distribution is achieved by grinding or calcination.?

While natural silica is widely available in different forms, they are often difficult to process and
clean for applications relying on pure, uniform silica particles. Therefore, the implementation
of different synthetic processes allowed the generation of uniform silica with reproducible
properties.?’ The different processes generate different types of silica regarding shape, size,

porosity, and surface groups: colloidal silica, pyrogenic silica, silica gel, precipitated silica, and

4
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mesoporous silica nanoparticles. The three most important methods to obtain the different
silicas are high-temperature flame decomposition, reverse microemulsion, and sol-gel
synthesis.?*** While the first method is conducted in an anhydrous vapor phase (gaseous route),
the other two are performed in liquid environments (liquid route). The gaseous route leads to
pyrogenic silica, also known as fumed silica, and can be performed via flame hydrolysis,
electric arc, or plasma methods.?* However, flame hydrolysis is the only method viable on an
industrial scale. For flame hydrolysis, silicon tetrachloride (SiCly) is the standard raw material,
which is vaporized in dry air and hydrogen flame at over 1000 °C. The reaction proceeds via

Equation 1:

_ >1000°C __
SlCl4(g) + 2 Hz(g) + 02(9) E— 5102(5) + 4 HCl(g) (1)

Silica produced this way is spherical, nonporous, and has a particle size between 7-40 nm.?

These primary particles agglomerate through partial sintering and high-temperature fusion into
larger, mesoporous silica aggregates. The pyrogenic silica has a high specific surface area of
50-400 m? g'!, measured by the Brunauer-Emmett-Teller (BET) method.?** The properties of
this silica can be controlled by the concentration of reactants, flame temperature, and residence
time in the flame.?> Additives can be used to alter the surface properties of the silica to get
mixed metal oxides, hydrophilic silica, or hydrophobic silica.> The flame hydrolysis results in
high purity silica with only metallic element contaminants in trace concentration and low silanol
surface density (2.5-3.5 SiOH nm?).*'?> However, due to the high energy needed for the

reaction, they are also more expensive than silica produced via one of the liquid routes.

Liquid synthesis routes for silica use supersaturation resulting in the polymerization of silicic
acid (Si(OH)4).2%*¢ The condensation polymerization occurs at neutral pH and can form gel
networks (silica-gel) or individual particles (precipitated silica). In general, gels form in acidic
conditions due to little or no surface charge leading to flocculation of silica particles. Alkaline
conditions stabilize individual particles through a high surface charge, which can grow under
Oswald ripening.'? In contrast to the gaseous route, silica derived from the liquid route has a
higher silanol surface density (5-6 SiOH nm).> The two most commonly used methods for
liquid synthesis are microemulsion and sol-gel synthesis.?” For the microemulsion synthesis, a
water-in-oil microemulsion is used, also often referred to as reverse microemulsion. Silica
nucleation and growth happen in the water phase. Hence, the form of the droplets controls the
shape and size of the particles. The microemulsion environment inhibits cross-particle

polymerization enabling this method to generate much smaller particles than the other liquid
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methods.?® In the early stages, this method generated silica particles of 1-10 um. After
optimization, the technique generated silica nanoparticles of around 20 nm and up to 10 um
with narrow size distributions.’> The microemulsion synthesis is generally performed in
alkaline environments. However, through the addition of fluoride, the process also works in
acidic conditions.?’ Microemulsion synthesis also allows the synthesis of core-shell particles
with silica as shell or core.>*? The sol-gel process is based on the polymerization of monomers
into a colloidal solution (sol), followed by gelation into an integrated network (gel). Dependent
on the particular process, the formation of distinct particles or a polymer network is possible.>!?
Methods of the sol-gel process include precipitating, the Stober method, and biomimetic
synthesis. The precipitating method is the most important synthetic methods and holds the
highest market value.’>**** The synthesis is based on neutralizing soluble silicate with acid
generating oversaturation of the silicic acid leading to polymerization and precipitation out of

solution through neutralization.!"'>?° Commercially, it is generally produced from sodium

silicate neutralized with sulfuric acid per Equation 2:

Na,0 - 2.65i0, + H,S0, — 2.65i0, + Na,S0, + H,0 )

If the pH is adjusted and hold at a value between pH 8-10, discrete spherical primary particles
of 2-20 nm form. These particles intergrow into three-dimensional aggregates forming larger
agglomerates in the final stage. If the pH is shifted further into the acidic region, silica-gel
forms. Properties of the precipitated silica and silica gel are controlled mainly by pH,
temperature, stirring rate, and reactant concentration.?’ Precipitated silica offers a BET surface
area of 25-800 m? g and silica gel 300-1000 m? g''.3> The Stdber method is another sol-gel
process named after its inventor Werner Stdber, who reported this method first in 1968.%* Silica
particles synthesis via this method is easy to control and generally generates spherical,
monodisperse, nano- to micrometer size particles and is the most applied method regarding the
manufacturing of silica nanoparticles.?**>¢ The synthesis is based on the hydrolysis and
condensation polymerization of alkoxysilanes, generally tetracthoxysilane (TEOS). Therefore,
TEOS is added into a water-alcohol solution in the presence of ammonia as an alkaline catalyst.
This way, particles of 50 nm to 2 um can be obtained based on the reaction conditions.***® Over
the years, the Stober method was thoroughly investigated on the influence of the reaction
conditions on particle properties. Modified Stober synthesis allows the production of
mesoporous silica nanoparticles and aerogels.?”*® Last but not least, humankind once more used
nature as a role model, even to produce silica particles. Biomimetic synthesis summarizes sol-

gel methods based and inspired by biosilicification of diatoms and siliceous sponges.?° To date,
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only a few silaffin peptides, mostly from diatoms and silicate in proteins from siliceous sponges,
are known to accomplish this task. The most investigated silaffin peptides are silaffin-1A1,
silaffin-1A», silaffin-1B, and the RS variant, which all derive from the sill protein of the diatom
Cylindrotheca fusiformis.>®>* These native silica precipitating peptides work at mild reaction
conditions and promise superior control over the process to generate, besides the typically
spherical particles, structures like thin sheets*!, nanotubes,** and nanorods.*> While not being
used commercially yet, biomimetic synthesis is a promising technique for silica manufacturing

due to the low energy consumption and mild reaction conditions.?

While properties such as shape, size, porosity, and specific surface area are essential traits to
silica, the surface and, more specific the surface groups on the silica surface are the critical
property regarding interactions between silica and other molecules.'"'? Generally, two
functional groups can be found at the silica surface: siloxane links (Si-O-Si) and silanol groups
(Si-OH).!? The siloxanes originate from the silica bulk structure and are labeled as Q* by NMR
Q" terminology, where 7 indicates the number of bridging oxygens.* Silanol groups form in the
presence of water, and as can be seen in Figure 1.3, different silanol groups exist on the silica
surface. Isolated silanols (Q°) are single Si-OH groups that are more than 0.33 nm from
neighboring silanols, thus unable to form mutual hydrogen bonds. If two silanol groups are less
than 0.33 nm away, they can establish hydrogen bonds forming vicinal or interacting silanols.
Two OH groups linked to the same silicon (Q?) form a silanediol called geminal silanols.'!!2
Siloxanes are hydrophobic, while silanol groups are responsible for the hydrophilic character
of silica.® The surface chemistry thus depends on the distribution of the siloxane, silanol, and

ionic siloxide groups. Siloxide groups arise from silanol groups through deprotonation at pH >

2-3, equivalent to the point of zero charge (PZC) of the respective silica.!®**
'zﬁ';rfgf Siloxide
H\ H H /H\\ H
0 (|3 (L o! el 0
NG L] o~ |||
’/SI\\()/Sl\lj//s‘l\O/SII\"O//S‘I\O/SV\"O’/SI\\

Figure 1.3: Illustration of the surface groups occurring at the silica surface. Siloxide groups are deprotonated
silanol groups (isolated, geminal, and vicinal) that appear and accumulate in aqueous environments with increasing
pH.
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The siloxanes constitute around 23-30% of the functional surface groups. A significant part of
the silanol surface groups consists of isolated and vicinal silanols with 60-65%. From this,
isolated silanols make up 6-19%. The geminal silanols constitute around 10-12% of the total
silanols on the surface.'® The ratio of the surface groups shifts with increasing temperature to
only siloxanes at >1000 °C. The surface silanol can also be divided into two populations of
acidity. The more acidic population represents around 15-20% of total silanols with a pKa ~4.5,
and the less acidic population has a pKa ~ 8.5.%* In contact with water, these silanols
deprotonate and produce a negative charge on the surface. The surface charge density increases
with pH. A thermally unprocessed, fully hydroxylated silica surface contains about 4.7 SiOH
nm23184 At a pH ~7.5, 4% to 21% are deprotonated, strongly dependent on the synthesis
method and ionic strength in solution.** The reported amount of siloxide groups per nm? at pH
7.5 and ionic strength of 0.1 M range between 0.21 and 1.0.%>2 The broad range of results
highlights the sensitivity of the silica surface to synthesis conditions and the importance of

controlling the properties of silica for its various applications.

1.1.2 Applications

Silica plays a vital role in everyday life. Depending on its form and origin, silica is used in a
wide field of applications. Raw crystalline quartz material mainly goes into the construction
and glass industry. It is also used to produce high-quality glasses with exceptional optical
properties for optical applications as lenses, prisms, and quartz glass. For the purification and
softening of drinking water, quartz pebbles and sand are the primary filter materials. Grinding
and milling processes use quartz sand and powder due to their hardness. Quartz is also essential
as raw material to produce precursors for other silica reactions such as silicic acid, waterglass,

and elemental silicon.’

Due to the natural high surface area, natural amorphous silica from diatoms primarily finds
application as a filtration agent.’ Filtration of beer, wine, juices, swimming pool water, solvents
for chemical cleaning, wastewater, varnishes, and paints are performed with special filters from
diatoms. Insulating material often consists of diatomite due to the high volume of trapped air in
the porous structure. Another important use of diatom silica is as an absorption agent for gases,
in cat litter, and drying agents. As a fine scourer material, it finds applications in car polisher,
toothpaste, and other polishing products. As catalytic support, it secures the handling of

dangerous goods such as pyrotechnics and matches.**?



Introduction

Synthetic silica finds its applications based on the synthesis route. Precipitated silica has the
highest production scale regarding synthetic silicas and has the benefit of tailor-made synthesis.
Among many applications, the oldest and most important use is reinforcing elastomer products:
Shoe soles, tires compounds, cable sheathing, and technical rubber articles. The addition of
silica improves the rubber’s tensile strength, tear strength, hardness, and abrasion resistance.
Additionally, a major application of the precipitated silica is as a carrier. The high adsorptivity
and flowability enables the production of powders containing up to 70% liquid, which is
essential, for example, in the animal feed industry for feed additives or as a carrier of

insecticides.>*

Pyrogenic silica from flame hydrolysis has a very high purity (>99.8 wt% SiO:) and low
moisture content, making it ideal as reinforcing filler in rubbers or as an electrical insulator. As
a thickening agent for liquid systems such as printing ink, paints, and resins, pyrogenic silica
finds another important application in adjusting the rheological properties of liquids. Similarly,
pyrogenic silica controls the rheological properties of liquid systems as an anti-settling agent in

filler- or pigment-containing liquids or as a dispersant in solid-containing liquid systems. 2%

Silica also found its way into nanotechnology, and mesoporous silica nanoparticles find wide
applications in today’s society. The most typical representatives of this class are MCM41 and
SBA1S5. Mesoporous silica nanoparticles are mainly used in research towards medicine for drug
delivery and biosensor technologies. Their huge surface area with small particle size allows
vast amounts of drug substances to be transported into cells with only a few particles. Similarly,
the particles can be filled with fluorescent dyes, transporting the dye into target cells due to

surface functionalizations.>*°

Last but not least, silica gel is a widely used variant of silica. It offers high surface areas and a
porous structure, which makes it predestined as an adsorbent. Its main and also first use was as
a desiccant. In World War I, it was used for adsorption of vapor and gases in gas masks and
later in World War II to keep penicillin dry. Today, we meet it as little bags to protect especially
electronic devices from moisture damage during transportation. However, silica gel also finds
its applications in high technological applications. In the form of aerogels, dried silica gels with
intact porous structure, the low dielectric constant of silica is being exploited. Silica gel is also
used to purify nucleic acids and is the most used stationary phase material in

chromatOgraphy_3,20,24,57
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In listing the major applications of the various types of silica, it should be noted that this was
only a glimpse and the applications for silica are far greater considering silica to be easily
modified. The silanol groups give rise to the possibility of surface functionalization, especially
by silanization, to obtain surfaces with physicochemical desirable properties for even more
specialized applications.’®>° The need for these different types of silica is why the different

methods of manufacturing described earlier are all still relevant and used.

1.1.3 Silica in chromatography

As mentioned above, silica in the form of silica gel is the most used material for stationary
phases in chromatography.?*%%¢! The extensive use of silica for chromatography has different
reasons. One natural advantage of silica for chromatography is the natural chemical stability
against solvents and acids, as well as the mechanical strength due to the high hardness,
increasing the longevity of the material and enabling working at high pressures in column
chromatography, especially high-performance liquid chromatography (HPLC). Another
advantage of silica is the possibility to generate various forms of silica gel regarding particle
shape, particle size, and pore size depending on the manufacturing process as described in
Section 1.1.1. Monodisperse, spherical particles allow homogenous packing of columns
resulting in more efficient separation and are commonly synthesized by the Stéber method.®!
The pore size of the silica particles controls the retention of analytes due to the resulting usable
surface area.®® The pores contain the majority of the surface area of the particles, which means
that the surface area is inverse proportional to the pore size. These properties result in high
reproducibility, rapid mass transfer, and good capacity, which are highly desired in
chromatography. Last but not least, silicas’ potential to be easily modified by silanization
enables it as initial material for bonded stationary phases. Therefore, different chemical groups
are introduced to obtain desired physiochemical properties such as a hydrophobic surface
through the introduction of organic groups such as octyl (C8) or octadecyl (C18) resulting in
so-called reverse phase chromatography (RPC). Bare silica is used for normal phase
chromatography (NPC) or hydrophilic interaction liquid chromatography (HILIC). However,
RP-HPLC with modified silica as stationary phase is still the most frequently used analytical

chromatography method today.>*¢%:6!

Historically, before 2000, the industry used fully porous spherical silica particles with 5—10 pm
particle size and organic groups bonded to the surface in HPLC columns for most applications.*
Over several decades different optimization strategies were followed to increase efficiency. The
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major action was reducing the average particle size to sub-2 um particles. Due to the drawback
of higher backpressure the Waters Corp. (Milford, MA, USA) presented the first equipment
enabling the work with these small particles in 2004, named ultra-performance liquid
chromatography (UPLC), which later generally got accepted as ultra-high performance liquid
chromatography (UHPLC).®° To tackle the drawback of high backpressure core-shell particles
were first developed by Kirkland, becoming commercially available from Agilent Technologies
in 2001 under the trademark Poroshell 300 with particle sizes of 5 um.®? The particles consist
of a solid core and an overlying porous shell as illustrated in Figure 1.4, which acts as the actual
separation layer. This setup shortens the diffusion paths of the analytes in the stationary phase
and reduces the dead volume of the entire column. Advanced Materials Technology was the
first to supply smaller particles with 2.7 um under the trademark Halo, followed by Ascentis
Express from Sigma-Aldrich, and Kinetex and Aeris from Phenomenex.% Today, all big brands

provide these kinds of silica core-shell particles under different trademarks.

Non-porous Fully porous Core-shell

Figure 1.4: Illustration of different chromatographic silica particle types.

Besides the particle size, the silica itself was optimized concurrently due to the main problem
of peak broadening of basic compounds in RP-HPLC: the silanol groups. Before the year 2000,
silica often had a high metal content, which increased the acidity of free silanol groups on the
surface and thus the interaction with basic compounds. This silica is commonly referred to as
Type A silica. To solve this problem, many manufacturers used a mineral acid wash before the
bonding step to eliminate the metal impurities. Today silica stationary phases are prepared from
highly pure silica, such as TEOS, which has low metal concentrations and is referred to as Type
B silica. However, RP silica from Type B silica still exhibits residual silanols of ~50% on the
surface. The derivatization is inefficient because of the steric hindrance of the bulky, long alkyl

chains linked to the surface 2+60:6!

A first approach to reduce the number of free silanol groups on the surface was the introduction
of organosilanes into the structure resulting in hybrid silica particles resulting in hybrid silicas

as shown in Figure 1.5. The first-generation hybrid silica was a combination of TEOS with
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methyltriethoxysilane (XTerra) from 1999. In 2004 Waters introduced the second-generation
hybrid silicas using TEOS with bis(triethoxysilyl)ethane (XBridge). Hybrid silica materials
achieve silanol coverages of ~2.5 umol m?, which is at least 1.5 pmol m? less than

conventional silica supports. Furthermore, the material can sustain pH values up to 12.°!

A new type of silica for HPLC stationary phase is the hydride silica, developed by Joseph Pesek
at the San Jose State University, USA.%%7 This type of silica is based on Type B silica, where
silica hydrides (Si-H) replace the free silanols otherwise present on the surface (Figure 1.5),
consequently named Type C silica. Type C silica is marketed today by the company
MicroSolv™ Technology Corporation. The advantage of this silica is the negligible amount of
free silanols on the surface, as ~95% of silanols are converted to silica hydrides.®®*! Type C
silica is a promising new material, which has yet to reach the utility, breadth, and importance
of Type B silica mainly due to the limited number of suppliers and the unavailability as core-

shell or sub-2 pm material.*°

H H H

/OH /CH3 /OH
/S|i\o/s|i\o/s|i\ /S|i\o/9|,i\o/8|i\
Hybrid silica Silica hydride

Figure 1.5: Chemical structure of hybrid and hydride silica

An alternative to particle technology as a packing material is the use of monoliths. Monoliths
were commercialized under the trademark Chromolith by Merck, Germany. Unlike
conventionally filled columns, monolithic columns do not consist of particles but a single piece
of high-purity monolithic silica gel. Chromatographic efficiency is achieved through the dual
pore structure. Macropores create a flow channel through the column with an average diameter
of 2 um allowing rapid flow at reduced backpressure. The mesopores within the porous

structure create a very large surface area for adsorption and thus separation.?**!
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1.2 Biomolecule-silica interactions

Studying interactions between biomolecules and silica is of great interest from many points of
view. As already outlined in Section 1.1, silica is ubiquitous. It was there when life began on
Earth, and it is used in all kinds of products of our daily life. Interactions between a solid
inorganic surface such as silica and biomolecules depend on the detailed structure and the
composition of both surface and biomolecule. The silica surface provides siloxane bridges and
silanol groups, enabling hydrophobic, hydrophilic, and electrostatic interactions. Biomolecules
are organic molecules such as peptides, proteins, or nucleic acids, consisting of different base
materials, enabling various interaction types. Which interactions there can occur between silica

and biomolecules leading to adsorption are discussed in the following.

1.2.1 General definition of adsorption

Adsorption describes the increase in the concentration of a substance at the gas-solid or liquid-
solid interface, mediated by surface forces. The adsorbed film is called adsorbate, the respective
surface adsorbent. Generally, adsorption is divided into chemisorption or physisorption.
Chemisorption occurs due to the formation of covalent bonds by sharing or transferring
electrons. Physisorption is based on weaker interactions such as electrostatic interactions,

hydrogen bonds, or van der Waals interactions.*%®

Usually, isotherms describe the adsorption of gases and solutes to a surface. Isotherms describe
the equilibrium state of the adsorbate on the adsorbent at a constant temperature and can provide
information about the mechanism of the adsorption. The simplest adsorption isotherm model is
Henry’s isotherm model. The linear model can be used under the assumption of adsorbed
molecules being secluded from each other, unable to interact, and all the spaces on the adsorbent
are energetically equal. However, the linear model is limited to low concentrations of solute. In
order to describe the adsorption of molecules to solid surfaces, multiple isotherm models have
been formulated. The most commonly applied isotherm model is the Langmuir isotherm as
shown in Equation 3, where g represents the load, gma the maximal possible load, and c., the
equilibrium concentration of the adsorptive.”’ Kp is the sorption coefficient, or dissociation

constant, which need to be determined along gmax to obtain the isotherms.5%:6%71

_ Qmax * Ceq 3
1 Kp + ceq ©)
The Langmuir isotherm works under four distinct assumptions: (1) monolayer adsorption; (2)

adsorption sites are homogeneous distributed; (3) constant adsorption energy; (4) negligible
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interaction between adsorbate molecules. The dissociation constant is linked to the Gibbs free

energy via:

AG® = RTInK, @)

with the gas constant R and the temperature 7.

Langmuir already acknowledged the diversity of different surfaces and adsorbate species
manifesting in different physical adsorption mechanisms. Therefore, he classified six simple
adsorption mechanisms displayed in Figure 1.6: (A) single-site Langmuir adsorption, where the
surface hosts only identical adsorption sites for a single host molecule; (B) multisite Langmuir
adsorption, where more than one adsorption site is available, each independently fitting for a
its own host molecule; (C) generalized Langmuir adsorption, where the surface consists of an
intractable amount of different binding sites; (D) cooperative Langmuir adsorption, where
binding sites are identical but different host molecules can adsorb on the same site; (E)
dissociative Langmuir adsorption, where adsorption is a 2-fold process accompanied by
molecular dissociation; (F) multilayer Langmuir adsorption, where binding sites are identical
and independent but molecules are permitted to adsorb above each other.””’> For case 6
Langmuir had no explicit adsorption isotherm formulated. However, here the well-known
Brunauer-Emmett-Teller (BET) model is considered as special Langmuir model.*®”® The BET
model has the same assumptions applied for the Langmuir isotherm and additionally assumes
binding energies for adsorption in all layers to be equivalent to the first layer. The BET model

is most widely used to calculate the specific surface area of nonporous and porous materials.”?

Figure 1.6: The six adsorption classifications proposed by Langmuir: (A) single-site adsorption, (B) multi-site
adsorption, (C) generalized adsorption, (D) cooperative adsorption, (E) dissociative adsorption, (F) multilayer
adsorption. White circles illustrate the gas/liquid molecules, the orange shaded circles different types of adsorbed
molecules, the blue shaded and green half arches different adsorption sites.
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The second most used isotherm model is the Freundlich model, especially for nonlinear
adsorption phenomena. In contrast to the Langmuir model, the Freundlich model (Equation 5,
with the Freundlich constant Kr and exponent nr) is regarded an empirical equation without

physical meaning.”*
1

q=Kp*c)F (%)
The Freundlich isotherm is not restricted to monolayer formation and is often applied for multi-
layer adsorption on heterogenous surfaces.®>’* The Freundlich isotherm is only applicable for
low pressure and fails at high pressure. For nr = 1 the Freundlich models reduces to the linear

model.®

To overcome some of the drawbacks of the Langmuir and Freundlich model hybrid models of
the two were created. The two most notable and used are the Sips and the Redlich-Peterson (R-
P) three-parameter isotherm models.®>’* The Sips model is a combination of the Langmuir and

Freundlich isotherm model and applicable for monolayer adsorption in homogenous and

heterogenous systems. The Sips isotherm model is presented through:

ns

eq
—— 6
1+K5*C;l; ( )

K * c

4 = Qmax

with Ks and ng being the Sips constants. The Sips model becomes the Langmuir model for
ns = 1 and the Freundlich model for low adsorbate concentration. Similarly, to the Freundlich
model, the Sips model does not satisfy Henry’s law for low adsorbate concentrations. The R-P
isotherm model can also be used for heterogenous and homogeneous systems and is represented

through:

Krp * Ceq

GRP (7)
eq

q_1+aRp*c

with Kzp and arp being constants and grp being the exponent (0 < ggp < 1). For g = 1 the R-P
model reduces to the Langmuir model, when g = 0 or ce, gets very low, it reduces to the linear
model. Additionally, if c.; approaches infinite, it reduces to the Freundlich model. In theory
both, the Sips and R-P isotherm model, provide better predictions for the equilibrium, because
thy use three parameters. However, they are also more complicated regarding linear regression,

which makes it difficult to solve the Sips and R-P model.”

As already stated, the Langmuir and Freundlich model are the most commonly applied models,

especially for metal ions, dyes, pharmaceuticals, and other organic pollutants. The main reasons
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therefore is the simplicity of the models due to linear regression, which is complicated for other

isotherm models.”*

The dissociation constant and maximum load are usually determined with supernatant analysis.
However, there are other methods to determine the dissociation constant such as isothermal
titration calorimetry (ITC), microscale thermophoresis (MST), surface plasmon resonance
spectroscopy (SPR), or quartz crystal microbalance (QCM). Getting detailed information about
the binding mechanism is generally performed by spectroscopic methods such as infrared

spectroscopy (IR), Raman spectroscopy, or magnetic resonance spectroscopy (NMR).”

1.2.2 Amino acids

Amino acids are organic molecules embodying an amino, carboxyl, and a functional side chain
group. There are 20 canonical amino acids, each with a specific side chain responsible for their
individual properties (see Figure 1.7). While amino acids can be present in L or D configuration,
only the L variants are used in nature to build proteins. In solution, amino acids undergo rapid
deprotonation when changing the pH from low to high.”® Especially the interaction with silica
is of great interest in various research fields such as medicine, engineering, chromatography,

biotechnology, and even for the search of the origin of life.%*2+77-80

Of all the amino acids, glycine and alanine are the most studied, as they have the simplest
structure with only the backbone amino and carboxyl group and are present in a zwitterionic
state in solution. Zwitterionic amino acids can adsorb to the neutral silica surface through
hydrogen bonds between the amino and carboxyl group of the amino acid and the silanol groups
on the silica surface.®'** However, NMR measurements and molecular dynamic (MD)
simulation revealed that direct adsorption is prevented in the presence of water molecules, and
the water molecules bridge adsorption.>*° While adsorption can occur in both the gas and
liquid phases, the hygroscopic properties of silica lead to water adsorption, making liquid phase
adsorption studies more reasonable. Additionally, water is ubiquitous in biological media. It
needs to be considered in the adsorption process as the hydration conditions influence the
interaction up to a single water molecule being able to remove a bound amino acid from the
silica surface.®®> While a neutral silica surface is only present below the point of zero charge
(PZC) of silica, which is, depending on the production method, around pH 2-3, in the presence
of water, another effect has to be counted in: the silica surface charge. If the pH rises above the

PZC, deprotonation of the silanol groups on the silica surface occurs, leading to the formation
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of negative charges. These negatively charged groups can serve as binding partners for
electrostatic interactions with charged amino acids such as arginine, lysine, histidine, glutamic
acid, and aspartic acid. As far as glutamic and aspartic acid is concerned, adsorption only
happens due to so-called ‘surface-induced precipitation’, meaning the precipitation of a mineral
exclusively on an adsorbent’s surface under undersaturated bulk solution conditions.**! In
contrast, studies on the adsorption of basic amino acids showed adsorption to the negatively
charged silica surface in dependence of pH and ionic strength of the solution through
electrostatic interactions.’”* However, while the PZC of silica is around pH 2-3, sufficient
ionization of the silica surface is observed for pH > 5, and the concentration of bound amino
acids increases with pH until deprotonation of the amino acid side chains occurs. The reason
for this behavior is the increasing degree of ionization on the silica surface with pH and thus
the increasing number of binding sites.’>® Churchill et al. investigated the influence of the PZC
and the IEP of amino acids on the adsorption of different quartz surfaces.’’ They found that the
further the IEP and PZC differ, the more of the respective amino acid adsorbed to the quartz
surfaces. At pH values above the PZC of silica but below the IEP of the amino acid, the surface
of the quartz and amino acid are oppositely charged. A few individual studies also dealt with
the adsorption of nonpolar amino acids indicating hydrophobic interactions to play a role to

some extent,’3 10

A few systematic studies compared the adsorption of different amino acids in solution
experimentally.®>9>98:101-104 The conclusion drawn is that most amino acids do not interact with
the silica surface in aqueous systems because the amino acids are present in their zwitterionic
form, where the attraction of NH3" and repulsion of COO™ groups by the silanol groups balance
each other.”® Only amino acids with additional positively charged groups can interact
electrostatically with the negatively charged silanols on the silica surface, which highly

dependents on pH and ionic charge.”>?>1% So,

while in theory, electrostatic, hydrophobic, and
hydrogen bond interactions can occur, with higher pH the influence of hydrogen bonds and

hydrophobic interactions diminish due to the increasing electrostatic interactions.

As can be seen from the various studies on this complex topic, the underlying mechanism of
amino acids adsorption to silica is not fully understood yet. Investigating the interactions of
amino acids helps to understand the interactions of more complex molecules such as peptides

and proteins.
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Figure 1.7: Top: General structure of amino acids. C = Carbon, N = Nitrogen, H = Hydrogen, O = Oxygen. Bottom:
Structure of the 20 canonical amino acids divided by general properties with 3-letter and 1-letter code. Green =
charged side chains, Pink = polar side chains, Orange = special cases, Blue = hydrophobic side chains
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1.2.3 Peptides and proteins

Peptides are natural polymers formed by the condensation of an amino group of one amino acid
with the carboxyl group of another amino acid leading to the formation of a peptide bond. A
peptide with more than 50 amino acids is generally known as a protein, which is usually
arranged in a three-dimensional, biologically functional structure. The sequence and
distribution of the amino acids, or more precisely of the functional side chains of the amino

acids, define the peptides’ or proteins’ chemical properties.

With increasing length and, therefore, functional groups, the prediction and analysis of peptide
and protein adsorption processes become more complex. However, peptides show, in general,
a similar trend to amino acid adsorption. In the study of Patwardhan et al., seven different
dodecapeptides were investigated on their adsorption behavior on different aqueous silica
nanoparticles, which exhibit different silanol surface densities due to the synthesis methods.*
It was shown that peptides with more basic residues adsorbed stronger to silica. Additionally,
the adsorption was stronger on silica surfaces with a larger density of negatively charged
siloxide groups. This behavior is supported by the finding that cationic peptides are adsorbed
at a low initial concentration while noncationic peptides showed no to weak interaction with
silica, demonstrating that electrostatic interactions are the dominant force. However,
noncationic peptides adsorbed after they overcame a certain initial peptide concentration
threshold value. The authors explained the adsorption through hydrogen bonding due to the
peptides containing polar amino acids such as serine, threonine, and tyrosine. At the same time,
however, it was observed that the loading of the silica surface with peptide cations reaches
saturation, while an increase in the adsorption amount continued to be measured for polar
peptides with increasing concentration. Consequently, adsorption via electrostatic interactions
reaches a saturation region as soon as the deprotonated silanol groups are occupied. Since only
the silanol groups serve as binding partners, monolayer adsorption occurs. Binding based on
hydrogen bonding, on the other hand, leads to the formation of a multilayer, since after
saturation of the silica surface, the already adsorbed peptides can continue to serve as binding
partners. In conjunction with hydrophobic regions within the silica structures, hydrophobic
interactions can also continue to play a role in peptide adsorption, analogous to the observations
for the adsorption of amino acids. The same group of authors investigated the experimentally
found behaviors using simulation and concluded ion pairing via electrostatic interactions as the
main interaction force. Hydrogen bonding, hydrophobic interactions, and conformational
effects dimmish with increasing pH and only play a role at lower pH.**1% A similar conclusion

was drawn by Maity et al., who did an alanine scan on a short peptide (QPASSRY) with single
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molecule force spectroscopy by atomic force microscopy and molecular simulations.!?” The
alanine scan revealed the crucial role of the arginine residue and, even more interesting, the
influence of the proline, which increased the adhesion of the peptide towards the surface due to
conformational stiffness. Another well-studied example is the work by Jonsson and co-workers,
who showed that synthesized peptides with basic amino acid residues placed particularly at
positions, where they will be positioned at the same site of an a-helical structure, will change

their structure from linear to a-helical upon adsorption.'%%1%

While peptides’ interaction with silica generally seems to follow the trend seen for amino acids,
proteins exhibit a far more complex three-dimensional structure. As structural properties
already influence the adsorption of small peptides, thermodynamic and kinetic factors get
crucial when looking into the adsorption of proteins on inorganic surfaces such as silica.”
However, the adsorption affinity continues to be dominated by electrostatic interactions while
hydrogen bonds and hydrophobic interactions play a minor role.''®'!> The amino acid content
of the proteins in combination with the pH value thus strongly influences interaction. It was
observed that proteins with high tertiary structural flexibility adsorb faster, but they get
displaced by proteins with higher affinity in the long term. The rigidity of proteins is determined
by intramolecular interactions such as disulfide or salt bridges. Proteins with a flexible structure
are able to adapt to the shape of the adsorption surface and establish a larger contact area, and
as a consequence, a greater number of interactions is formed between the protein and the
surface.!!'®!'” However, due to adsorption, there is a loss of native folding and thus, in the worst
case, a loss of protein activity. Experiments showed that the conversion of a-helices to -folds
could be observed as a result of adsorption.!'® The extent to which adsorption leads to unfolding
is determined by the material’s surface properties, protein stability, protein concentration, pH,
and ionic strength. Protein stability can be influenced to a certain extent by genetic engineering.
The surface structure can be adapted to a certain extent by modifying the manufacturing process
but basically remains unchanged. Thus, in addition to protein flexibility, the adsorption
mechanism primarily determines the extent of denaturation. For example, adsorption based on
hydrophobic interactions usually leads to a stronger denaturation than adsorption based on
electrostatic interactions or hydrogen bonds since the hydrophobic core is located in the

shielded center of the protein.!!*-12!

In the last couple of years, silica binding tags have moved into focus to overcome these
drawbacks. Finding solid binding peptides (SBPs) is achieved by various methods. The most

popular being phage display.**!107:122-126 Another method is using peptides or proteins from
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nature as blueprints.’*!27-132 A related method to the prior is a bioinformatic approach, where
known silica-binding peptides are classified, and an optimized peptide sequence is
generated.!3>!** In some studies, specially designed peptides are used to investigate specific

properties such as three-dimensional structures.!?>1%

Two groups have mainly done considerable work on silica binding tags for protein purification
and immobilization. Kuroda and co-workers were the first to investigate this specific topic with
the 273 amino acid large ribosomal protein L2 from E. coli, titled the ‘Si-Tag’.'*® While
showing promising results for immobilization and purification of different proteins in regards
to purity (87/90/%) and recovery (84/92%), the size of the tag had considerable influence on
the enzyme partner.!3>140"1% Consequently, they switched to the CotB1 protein (171 amino
acids) from B. cereus using only the C-terminal 14 amino acid region (CotBlp) for affinity
purification achieving 95% purity and 85% recovery.'3! They further optimized CotBlp
regarding the length down to only seven amino acids (SB7: RQSSRGR), achieving ~90% purity
and recovery of 75-90%.'* An alanine scan with the SB7 peptide revealed the necessity of the
arginine groups in the peptide for interaction with silica.'* In a further search for silica binding
peptides, Abdelhamid identified the Colp1 (20 amino acids), Salp1 (15 amino acids), EctP1 (19
amino acids), and Sil3K/Sil3R (12 amino acids) peptides, which he derived from natural marine
proteins.!*~1*7 Baneyx and co-workers are the second group of people working on silica binding
tags. However, they focus exclusively on the Car9 (DSARGFKKPGKR) peptide, identified
initially as a carbon binder.!?>!*® They achieved purities of over 90% at a low recovery of
around 63% but optimized the method in 96-well plate format for high-throughput
experiments.'*>1>0 They also distinguished the arginine and lysine residues as main driver for
adsorption by testing alanine and glutamine modified Car9 variants.'>! Additionally, they
identified a cooperated binding mechanism for Car9 experimentally and simulative.'*!>2 Both

groups filed a patent for their tag system.!>%!54

1.2.4 Nucleic acids

Nucleic acids are large biomolecules composed of nucleotides, which are essential for all forms
of life. The nucleotides are built by a sugar (ribose or deoxyribose), a phosphate group, and a
nitrogenous base (adenine, cytosine, guanine, thymine, and uracil). They chain together to form
ribonucleic acid (RNA) or deoxyribonucleic acid (DNA). Since we know how nucleic acids are
built and how to modify them, nucleic acid separation has become an increasingly important
tool.!>® While at the beginning purification of nucleic acids was time-consuming and required
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toxic reagents, with the development of solid-phase extraction techniques, commercial
purification kits can be purchased today for easy and fast nucleic acid purification.!>>1%7
Vogelstein and Gillespie pioneered in 1979 with an approach for the extraction of DNA from a
biological sample with the use of a silica matrix.'*® Since then, silica has developed into the
standard material for the purification of nucleic acids.!*>!>* Methods with silica matrices are
easy to perform, reproducible, and deliver high-purity nucleic acids, the disadvantages are the
one-time usage, and small DNA fragments cannot be recovered due to strong binding.!>> Glass
particles as a powder in the stationary chromatography phase or as microbeads have been
developed as a simple, sensitive, and reproducible method for nucleic acid extraction. However,
the right equipment is needed for the extraction, and the method exhibits a comparatively high
cost. Natural diatomaceous earth is also used for nucleic acid purification. However, this
method is not routinely used due to the high costs.!>> Concurrently, different setups for the
extraction were developed. The most notable are spin columns filled with silica or ion exchange
material, which operate under specific buffer conditions. The column-based method is very fast
and reproducible, and the mean drawback is the need for a small centrifuge. Magnetic beads
are an alternative to the column method because they eliminate the centrifugation steps. The
magnetic beads are functionalized with different surface groups such as amino groups or
silica.!® The magnetic beads allow an equipment-free process with high potential for

automation. !>>161

While silica seems to be the choice for nucleic acid extraction due to the easy handling, low
toxicity, cost, and detailed knowledge about fabrication, a fundamental question arises. DNA
and RNA are polyanions, and silica also bears negative charges on the surface when pH > PZC.
So how do nucleic acids actually interact with silica? Different and also varying driving forces
have been attributed to DNA adsorption to silica. In general, the nucleic acid extraction methods
use chaotropic salts such as guanidinium thiocyanate or sodium perchlorate. The salt is added
to overcome the long-ranged electrostatic repulsion, which neutralizes the negative charge of
the DNA and silica, establishing a cation-bridge.'%>"1%° Elution afterward is achieved at high pH
and low ionic strength. Other methods control the pH to alter the negative charge on silica to
achieve adsorption or functionalize the silica surface with positively charged groups.'®¢-1%8 In
recent studies, Vandeventer et al. showed DNA adsorption to silica using amino acid
buffers.!>!7" There are also investigators claiming hydrogen bonding of uncoiled nucleotides
and the surface of silica.!”"!7? Alternatively, the adsorption is attributed to an entropy shift with
dehydration of DNA and the silica surface, followed by hydrogen bonding is the dominant

effect.'®” The entropy also plays a role when attributing the adsorption of DNA to silica to
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hydrophobic effects.!”>!™ It is also known that single-stranded DNA binds more strongly to
silica than double-stranded DNA, which has been attributed to the higher flexibility of single-
stranded DNA, hydrophobic interactions through free unpaired bases, and lower charge density
and thus charge repulsion.!” Nucleic acid adsorption to silica depends on various conditions
such as pH, ionic strength, electrolyte type and valency, and conformation of the nucleic acid

(linear, plasmid, supercoiled, single-stranded, double-stranded),!60-165:167.169.171,175-179
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1.3 Chromatography

Chromatography is a physical separation process for substances in which separation is based
on the differential distribution between a stationary and mobile phase. Credits for discovering
the technique generally go to the Russian-Italian botanist Mikhail Tsvet, who used the term
‘chromatography’ first in his publication in 1906 working on chlorophyll. The name
chromatography derives from the Greek words for ‘color’ (chroma) and ‘to write’, (graphein)
inheriting its first use for separating plant pigments. However, Tsvet’s method was not
immediately recognized as key to many separation problems. It took another roughly 40 years
until Archer J. P. Martin and Richard L. M. Synge revived the method by developing partition
chromatography, for which they received the Nobel Prize in Chemistry in 1952. Today
chromatography is manifold and an essential unit-operations in chemical and biotechnical

processes. 80182

Chromatography is generally defined as a process in which a fluid phase (mobile phase),
carrying a mixture of components, flows through a fixed bed (stationary phase). The two phases
are immiscible and can have different physical states by which different chromatographic
techniques are distinguished. While the stationary phase can be a liquid or a solid,
chromatographic nomenclature is mostly done by the physical state of the mobile phase. In gas
chromatography (GC), an inert gas is used as mobile phase. In supercritical fluid
chromatography (SFC), the mobile phase is a dense gas above its critical temperature and
pressure, and in liquid chromatography (LC), a liquid of low viscosity is used as the mobile
phase. Regarding the stationary phase, the nomenclature refers more to the bed shape and
distinguishes in planar (two dimensional) and column (three dimensional) chromatography.'80-

182 Tn the scope of this thesis, the focus lies on liquid column chromatography.

Chromatographic processes offer unprecedented versatility due to the many different separation
mechanisms. The size of molecules is exploited in size exclusion chromatography (SEC) by
diffusion of molecules within the porous stationary phase; no direct interactions play a role in
the separation. Polarity is used in normal-phase (NPC) and reversed-phase (RPC)
chromatography. In NPC, the stationary phase is more hydrophilic than the mobile phase, while
in RPC, the stationary phase is more hydrophobic than the mobile phase, and molecules are
separated through different strengths of interaction with the stationary phase. Hydrophobic
interaction chromatography (HIC) uses the same principle as RPC but in a non-denaturing
environment due to the absence of organic solvents. High concentrations of salt mediate the

interactions. lon-exchange chromatography (IEX) exploits positive and negative charges on
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molecules by a reversible interchange of ions, positive or negative, between the stationary and
mobile phases. In affinity chromatography (AC) highly specific macromolecular binding is
used for the interaction of a target molecule with the counterpart on the stationary phase. The
most prominent representatives for affinity chromatography are immobilized metal ion affinity
chromatography (IMAC) and biospecific interaction chromatography (BIC), such as biotin-
streptavidin or antibody-antigen interactions. The overall purpose of the process also divides
the nomenclature for chromatography. The detailed analysis of a mixture or substance is called
analytical chromatography, where the so-called high-performance liquid chromatography
(HPLC) predominately is used. In HPLC, the operating pressure is significantly higher as in
traditional LC, allowing smaller particles for higher separation efficiency. In analytical
chromatography, small volumes and low concentrations can be characterized. If the purpose of
the chromatography is the isolation and purification of a substance, it is called preparative
chromatography, which can be scaled from small-scale laboratory with only a few milliliters

up to commercial production of several hundred liters. 30182

1.3.1 Performance parameters

Like every process, the separation success in chromatography depends on several process
parameters.'8*185 One of the most important parameters to describe the efficiency of a
chromatographic column is the height equivalent to a theoretical plate (HETP), H. The HETP
is a hypothetical zone, in which the two chromatographic phases are in an equilibrium, and

corresponds to the plate number, N, via the column length, L, shown in Equation 8:

L

In an ideal column H — 0 or correspondingly N — oo. The HETP depends on the material and
the linear flow velocity, v. The dependence of the HETP on the flow rate, is described by the

van Deemter equation, which considers physical, kinetic, and thermodynamic properties:

B
HETP =A+—+Cxv (9)

with 4 being the Eddy-diffusion resulting from different channeling through the column, B
describing the dispersion resulting from longitudinal diffusion, and C representing the mass
transfer between mobile and stationary phase. A schematic diagram of the van Deemter

equation is shown in Figure 1.8.
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Figure 1.8: Schematic illustration of the van Deemter equation showing the dependence of the plate height H from
the flow rate v. A illustrates the effect of the Eddy-diffusion, B the longitudinal diffusion, and C the mass transfer.

The HETP can be determined experimentally with a pulse injection of a tracer substance. If the

resulting peak is nearly symmetrical, H can be determined by:

o L (WO.S)Z (10)
 5.54 \t0y

where wy 5 1s the peak width at half peak height, and . is the elution time of the peak maximum

as shown in Figure 1.9. The symmetry of the peak is important for calculating the HETP and is
also a parameter for chromatographic efficiency. The asymmetry factor, 4s, shows how close
the peak shape is to a Gaussian function and is calculated by:
b
a

Ag = (11)

with @ and b being the peak width at 10% heigh as defined according to Figure 1.9. An ideal
peak exhibits an As = 1. An As > 1 displays a tailing peak and an As < 1 displays a fronting
peak. Generally, in chromatography 0.8 < 4s < 1.8 is desirable.
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Figure 1.9: Illustration of a chromatographic peak with the parameters used for calculation of HETP and
asymmetry factor. £, is the elution time of the peak maximum, wy s is the peak width at half peak height %5, a
and b are the distances between the peak curve and the middle of the peak at 10% peak high 4 ;.

To compare different stationary phases with different particle sizes, dp, with each other, the

reduced HETP, 4, is used, which is determined by:
h=— (12)

The reduced HETP is generally a function of the reduced velocity, v’

vdp
D, (13)

with Dy being the solute molecular diffusivity in the mobile phase.

v =

Another critical parameter in chromatographic separation is the retention factor, r; of a
substance and is calculated by:

tr — ¥

= (14)

where #z is the retention time of the substance and #y is the retention time of a non-interacting
tracer. The tracer should be around the same size as the compared substance to assure the same

fluid dynamical behavior in the column.

As the binding events in the column mediate retention in chromatography, the retention factor

can be converted into the Henry adsorption coefficient, Hx, by

Hg =— (15)

with the phase ratio @ being calculated by:
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(16)
where & is the total porosity of the column.

Generally, there are three relevant porosities when using porous particles in the column: the
total porosity &, the intra-particle porosity € and the extra-particle porosity €. The total porosity

is related to the intra-particle and extra-particle porosity by:

g=e+(1-¢9g (17)
The total porosity can be determined by a tracer small enough to access all pores of the particles.

The extra-particle porosity can be determined by a tracer, which is unable to access the pores.

The Henry coefficient refers to the linear equilibrium constant between the solid and liquid
phase in chromatography. Therefore, it can be used as equilibrium constant K in the van’t Hoff
equation giving information about the difference in free energy of adsorption by:
lnrlenK+ln::—;=—%C;f)+ln://—; (18)
where AG' is the free energy of adsorption. The phase ratio between the stationary and mobile
phase is calculated with Vs and Vwm, respectively. R is the gas constant, and T the

temper'cl‘[ure.lgm182

In both analytical and preparative chromatography of proteins, the process parameters play a

crucial role for the efficiency and need to be monitored and optimized.

1.3.2 Chromatography for characterization

Various techniques enable the characterization of surface properties and interactions between
surface functional groups with molecules such as Raman spectroscopy, X-ray diffraction,
contact angle measurements, IR, NMR, QCM, NMR, MST, and others.'*%!87 However, these
methods are limited regarding observing surrounding environmental influences. Furthermore,
the methods for determining interactions are based on batch sorption experiments, which cannot
track weak adsorption due to small deviations between the initial and equilibrium
concentration.'®” Batch experiments also have the drawback of long equilibration times, large
amounts of needed sorbent, and low automation potential. Column chromatography provides
an alternative, complementary method to overcome these drawbacks. In chromatography, the
retention factor relies on the interaction between the probe molecule and the stationary phase

and increases with stronger interaction following the equation:
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_ (Kang + -+ Kgpn)my,
T'f = v
m

(19)

The retention depends on the total moles of binding sites for the solute in the column, m;, the
association equilibrium constants for the solute at each binding site, K4; to K4, and the relative
mole fraction for each type of binding site in the column, 1; to 7, and the void volume, V'
Equation 19 highlights that retention is a function of the solute’s binding strength for the
column, the total amount of binding sites present, and the relative distribution of these sites.
Thus, the retention factor is equivalent to the probe molecule’s interaction strength with the
stationary phase’s surface groups and can be acquired by measuring different probe molecule
retentions under various experimental conditions — the retention changes due to the influence
of solute-solvent, solute-stationary phase, and solvent-stationary phase interactions. Changes to
the retention factor can be addressed to various physico-chemical properties of the investigated
material or probe molecules. This connection is used in chromatographic methods such as
inverse chromatography (IC) or zonal elution chromatography (ZE). Both methods rely on
determining the retention time of a small fraction of a simple probe molecule under varying
conditions in the chromatographic environment such as the probe molecule chemistry, size, and

concentration but also column temperature, mobile phase compositions, and flowrate.'83-192

IC is a method originally used in gas chromatography to study stationary phase materials’
surface and bulk properties, which can also be applied for liquid chromatography. In this
method, the change in retention time depending on the probe molecule properties is measured
and addressed to material properties and is thus considered a material characterization method.
IC has been successfully used to determine the surface energies of hydrophobic stationary
phases,'?®!%3 the activity of residual silanol groups in RP-HPLC,"! and solute adsorption
isotherms.!”>!** In contrast, ZE is a method originating from affinity chromatography to
characterize the interaction between the probe molecule, a competing agent, and the
immobilized binding agent. It is thus considered a method for determining the kinetics of

biological systems and measuring the rate constants of these processes, !88190:192.193,195-197

The interaction between a material and a probe molecule also depends on the change of the
Gibbs free energy of adsorption 4Guss. The free energy change, in turn, depends on the
adsorption’s enthalpy change, AH.4. Adsorption can be both exothermic, indicated by a
temperature increase, or endothermic, indicated by a temperature decrease. Attractive forces
between a surface and an adsorbed molecule or between molecules are attributed to exothermic

adsorption events. In contrast, endothermic events are attributed to conformation or orientation
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changes, such as hydrophobic protein adsorption, or solvent release from the surface, making

the adsorption entropy-driven. This thermodynamic relationship can be written as:

AGuqs = AHpqs — TAS (20)
with A4S representing the entropy change in the system. The enthalpy change in the system can
be measured by calorimetric methods such as the commonly used isothermal titration
calorimetry (ITC). However, ITC is a batch experiment and cannot account for the dynamic
effects of chromatographic processes. Therefore, flow microcalorimetry (FMC) has been
developed to measure the heat change on-line and in-situ for a better understanding of
chromatography processes, simulating a packed-bed chromatographic system at a micro-scale.
Additionally, FMC can reveal the subprocesses involved in the interaction between molecules
and surfaces.!”®2% FMC has been successfully used to describe the kinetics of the adsorption

and desorption process of biomolecules such as amino acids,?’!>* proteins,'**2%* and DNA.2%

FMC is able to reveal the complexity of interactions between biomolecules and adsorbent. For
example, the crystallinity of an adsorbent (calcium hydroxyapatite) significantly influences the
affinity of protein adsorption: higher crystallinity leads to higher protein affinity.?% In ion-
exchange processes with proteins an initial endothermic peak, corresponding to an entropic
change, accompanies the exothermic electrostatic interactions due to the release of water from
the surface and conformational changes of the protein upon adsorption.?’” In a recent study,
FMC revealed the binding between monoclonal antibodies and m-aminophenylboronate is not
only affinity-based, as described for decades, but has electrostatic character as well and must
therefore be understood as multimodal interaction.!” These studies highlight how FMC can

contribute to understanding adsorption processes.

1.3.3 Applications in protein purification

Proteins are large and complex amphipathic molecules made up of amino acids with a delicate
three-dimensional structure that exposes hydrophobic, hydrophilic, polar, apolar, and charged
regions to the environment, allowing them to interact with different materials. These properties
are used in one of the most important unit operations in the downstream processing of proteins:
chromatography. Among the various modes in chromatography, especially SEC, HIC, IEX, and
AC, are used to separate proteins out of complex mixtures. Different aspects such as

temperature, pH, buffer species, and ionic strength must be considered when controlling the
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complex protein adsorption process. However, the chemistry and physical structure of the

stationary phase is as important for the adsorption process. 80182

In SEC separation is achieved by different migration of solutes through the column due to the
steric exclusion of larger molecules from the porous network of the chromatographic stationary
phase. Thus, SEC is the only chromatographic method in the list not using direct interactions
between the stationary phase and the proteins for separation. Proteins of different sizes can enter
the porous particles to a different degree and elute at different times, with larger molecules
eluting earlier than smaller molecules. In comparison to other chromatographic methods, the
selectivity and productivity in SEC are generally not very high, because of that, SEC is mainly
used as a final step for changing the buffer or refolding the proteins. Another common use of

SEC is for the estimation of the molecular weight of proteins or protein complexes. 80182208

In HIC, the stationary phase is functionalized with hydrophobic ligands. The interaction of the
proteins is promoted by salt, and elution is triggered by reducing the salt concentration in the
mobile phase with the least hydrophobic protein eluting first. High concentrations of salt
(>1 M) are necessary for the hydrophobic interaction, with the most popular salt being

ammonium sulfate, which makes HIC an ideal follow up for protein precipitation methods or
[EX 180-182,209.210

In IEX, electrostatic interactions are the dominant binding mechanism. Proteins expose
different charges on their surface dependent on the content of acidic and basic amino acids. The
overall charge of the protein depends on the pH in the solution. The pH at which a protein
carries no electrical net charge, is called the isoelectric point (IEP). At pH > IEP, the protein
has a negative net charge; at pH < IEP, a positive net charge. The interaction occurs reversibly
to an oppositely charged group on the surface of the stationary phase. Elution is triggered by
increasing the salt concentration in the mobile phase leading to elution by displacement. The
stronger the electrostatic interaction, the higher salt concentration is needed to elute a protein.
IEX resins are classified into cation-exchangers (negatively charged) and anion-exchangers
(positively charged). Another way IEX resins are categorized is into weak and strong ion-
exchangers. As the name may suggest, the distinction does not reflect the protein binding
strength but the stability of the protonation behavior of the surface groups to pH changes. Weak
ion-exchangers change their charge with pH, while strong ion-exchangers keep their charge
over a wide range of pH, generally at least from pH 2 to 10. IEX is a common technique in

protein purification because of the versatility due to the availability of different stationary
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phases and buffer systems. Additionally, IEX provides high binding capacities and preserves

the biological activity of proteins,!80-182.211.212

To achieve the high purities needed in the production of therapeutical proteins such as
antibodies, AC is unavoidable. While in SEC, HIC, and IEX, the intrinsic properties of the
target protein limit the selectivity of the methods, AC uses highly specific macromolecular
binding to separate a target protein from complex mixtures. Examples from nature for these
interactions are antibody-antigen, enzyme-substrate, or ligand-receptor.!*®! In AC, one of the
two partners is immobilized on the surface of the chromatographic material and is known as
‘affinity ligand’. Elution in AC is achieved either non-specific by changing pH, ionic strength,
or the composition of the mobile phase, or biospecific by a competing agent.?!* One of the most
commonly used AC technique is Protein A affinity chromatography, the gold standard for
purifying monoclonal antibodies.’'* However, the affinity mechanism is limited to the
individual binding partners and with the rise of proteomics and the growing need for
recombinant proteins, another affinity purification technique has been established: a

polypeptide fusion partner, termed ‘affinity tag’.2!>2!"

Affinity tags are unique amino acid sequences, initially designed for protein purification only.
Today, they are considered an essential tool in multiple methods such as western blotting, flow
cytometry, microarrays, mass spectrometry, lab-on-a-chip, and protein localization studies.*'®
The tag can be a whole protein, a protein domain, or a small peptide chain and attach to a wide
range of substrates, including carbohydrates, biomolecules, metal chelators, or antibodies.
Affinity tags are generally classified by der location and interference. Commonly the tags are
attached to the N- or C-terminus of a recombinant protein, but there are also so-called internal
tags, which are added within the coding sequence of a protein.?'***° Regarding their
biochemistry, affinity tags are classified as interfering or non-interfering, which refers to
whether they influence the protein of interest’s biochemical properties. Non-interfering tags
generally exhibit a short sequence of amino acids such as the His-tag (6 histidines) or the
FLAG-tag (DYKDDDDK) and are not needed to be removed after purification. However, these
tags can have some beneficial effects on the properties and efficacy of recombinant proteins
and improve the production quality and yield of the expression system. They can also facilitate
proper folding of the protein of interest, prevent proteolysis, improve functional properties, or
increase solubility.?!3??! Interfering affinity tag sequences such as the maltose-binding protein
(MBP, 396 amino acids) or glutathione S-transferase (GST, 211 amino acids) have long

sequences and interfere with the structure and function of the main protein and thus must be
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removed after purification. The interference often includes alternations in the biological
activity, decreased protein yield, toxicity, protein aggregation, improper structural flexibility,
or misfolding.?!3?20222 Removing the tag can sometimes resolve the undesirable effects of the
tags via a specific protease system such as the TEV protease (Tobacco Etch Virus). The success
of tag-base purification depends on the right tag choice. The most critical choices include easy
removal, single-step purification, minimal influence on structure and function, versatility
(transferability to different kinds of proteins), and accessibility (freedom of the tag from the
protein to be able to interact).??*?2* However, protein type, nature of the expression system, and
consecutive applications are also critical factors. While large tags may be disadvantageous at
first glance, they are often needed and used in bacterial expression systems such as E. coli due
to only 25% to 50% of the prepared proteins being soluble.?>* The most commonly used tag
system is the His-tag, which forms coordinated bonds with cations such as Ni**, Cu**, Zn>" and
Co*", a method also known as IMAC.>?!222 The His-tag has low interference with the protein
function and is well studied. The most significant drawbacks are possible dimerization of the
target protein, competitive adsorption of histidine-rich proteins, and toxic metal ion leaching.
While each individual affinity tag has its pros and cons, there is no perfect system. Therefore,
tandem tag systems have been developed. Tandem tags consist of two or even more affinity
tags, often separated by a protease cleavage site, either on the C- or N-terminus or on both.
With the use of tandem tags, the advantages of different tag systems can be used
simultaneously, such as higher solubility (MBP) combined with a high specific interaction (His-
tag). Tandem tags are recommended when preparing high purity recombinant proteins for
crystallization or protein interaction studies.??® Affinity tags have improved the downstream
processing of recombinant proteins. However, whether using natural interactions or affinity
tags, the major drawback of affinity tags is the functionalization of the affinity ligands onto the
chromatographic material, which is highly cost-intensive.»??* Therefore, the interest in solid-
binding peptides (SBPs) has grown in recent years. SBPs exhibit the purification of proteins
with non-functionalized materials such as polymers, metal oxides, carbon-based materials, or

silica.??®
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2 Motivation

The downstream processing of biomolecules is still an ambitious task to tackle in all kinds of
biotechnological processes. Especially for therapeutic proteins, the downstream process alone
can account for up to 80% of the total production costs. Also, in research labs worldwide, the
need for easy purification methods of biomolecules such as recombinant proteins or DNA 1is

essential.

Chromatography methods, such as ion-exchange or affinity chromatography, are usually the
key unit operation for purifying biomolecules. For affinity chromatography, short peptide
sequences such as the His-tag or FLAG-tag are exploited as highly specific affinity tags.
However, there is no rose without a thorn. The affinity tags need the specific counterpart, the
ligand, functionalized to the surface of the stationary phase. The manufacturing of these
materials is cost-intensive, and the functionalization can be chemically unstable. Because of
that, solid-binding peptides, which bind to a surface without ligand functionalization, became

intriguing.

In this context, silica is a diamond in the rough. While it has been used as a backbone for
stationary phases in chromatography since the beginning, it never made it as bare material.
Furthermore, despite its frequent use, the interactions with biomolecules are still not fully

understood and a reason for silica being used only as backbone material.

It is time to grind this diamond to its full beauty. Therefore, this work aims to unravel
biomolecule interaction and the underlying mechanism behind the interaction with silica and
develop, in a rational way, a peptide tag with a high affinity towards bare silica to give rise to
new, cost-efficient separation processes. Hence, this dissertation sheds light on interactions

between biomolecules and silica for past and future applications.
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3 Publications

3.1 Buffer influence on the amino acid silica interaction

Interactions between silica and biomolecules at the solid-liquid interface are highly complex
phenomena. The interactions are the foundation of many applications and even of the origin of
life itself. This investigation offers insights into the adsorption behavior of all 20 amino acids
on silica. The focus of this study lies on the influence of different buffer systems (TRIS and
MOPS) on the adsorption of the basic amino acids lysine and arginine. The interactions are
investigated by chromatographic zonal elution (ZE) experiments and molecular dynamics (MD)
simulations. The work presents data on the Henry coefficient and calculated binding affinities
of all 20 amino acids. Furthermore, calculations on the interactions between buffer molecules
and between amino acids and buffer molecules complement the model. At last, the interaction
of arginine and lysine with silica in the presence of the different buffers is presented

experimentally and simulative.

Lysine and arginine were identified as strong binders on silica from chromatographic
experiments and MD simulation. Simulating the binding affinity between buffer molecules and
silica revealed positive TRIS ions and neutral MOPS ions to be competitive with arginine and
lysine and need to be considered in the adsorption process. Furthermore, the interaction of
arginine and lysine with negatively charged MOPS ions is substantial and can interfere with the
adsorption process. Finally, when comparing the interaction of arginine and lysine with
different buffer species by varying the pH of the solution, the effect of the buffer can be
observed. While for TRIS, a steady increase in affinity is observed, for MOPS buffer, the
affinity decreases below the IEP and increases above the IEP of MOPS buffer. Hence, the
investigation emphasizes using arginine and lysine as silica binders and taking the effect of

buffer into account when working in biological environments.

The substantial contribution of the doctoral candidate was the conception and the design of the
experimental part of the study after critical reviewing existing literature. The doctoral candidate
was one of the two leading equal authors and carried out all experimental works including data

analysis and processing as well as discussing the simulative data.
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Wolfgang Wenzel,* and Sonja Berensmeier

Protein-surface interactions are exploited in various proc-
esses in life sciences and biotechnology. Many of such
processes are performed in presence of a buffer system,
which is generally believed to have an influence on the
protein-surface interaction but is rarely investigated system-
atically. Combining experimental and theoretical method-
ologies, we herein demonstrate the strong influence of the
buffer type on protein-surface interactions. Using state of the
art chromatographic experiments, we measure the interac-
tion between individual amino acids and silica, as a reference
to understand protein-surface interactions. Among all the 20
proteinogenic amino acids studied, we found that arginine
(R) and lysine (K) bind most strongly to silica, a finding

1. Introduction

Protein and peptide-surface interactions at the solid-liquid
interface play an important role in various research fields like
medicine,l"? engineering®™ and biotechnology.” These inter-
actions depend on the detailed structure and the composi-
tion of both surface and protein. However, it is difficult to
characterize these interactions for small peptides or individu-
al amino acids (AAs). There have been a number of studies
that investigated such interactions for metal, metal oxide,
polymer or silica surfaces both experimentally and
theoretically,®*” but trends for peptides have been difficult
to derive due to complexities of the composition of the
system.” The latter comprises not only the peptide and the
surface but also the solvent, which often contains a buffer to
stabilize the pH of the system. The fact that buffer ions can
compete with the peptide/ protein in binding to the surface
is well known and investigated,®?” but to the best of our
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validated by free energy calculations. We further measured
the binding of R and K at different pH in presence of two
different buffers, MOPS (3-(N-morpholino)propanesulfonic
acid) and TRIS (tris(hydroxymethyl)aminomethane), and find
dramatically different behavior. In presence of TRIS, the
binding affinity of R/K increases with pH, whereas we observe
an opposite trend for MOPS. These results can be understood
using a multiscale modelling framework combining molec-
ular dynamics simulation and Langmuir adsorption model.
The modelling approach helps to optimize buffer conditions
in various fields like biosensors, drug delivery or bio
separation engineering prior to the experiment.

knowledge this has never been done for single amino acids
especially for silica. A rational understanding of peptide or
protein interactions with surfaces would benefit greatly from
data on the interactions of individual amino acids. Calcu-
lations of such interactions are often complicated by the lack
of adequate models that describe the surface and its
interactions with the amino acids. For this reason, we study
here silica surface, which is widely used in various applica-
tions and for which a pH dependent model has been recently
developed.”” In an earlier work, Rimola etal.?? tried to
quantify the adsorption affinity of 15 AAs on silica by
calculating the adsorption energy using ab INITIO ONIOM2
within a cluster approach. A heuristic entropy correction was
made to obtain the adsorption free energy from the
adsorption energy.

There are many different ways to study the interaction
between amino acids and surfaces like silica, such as
spectroscopic methods or controlled bind and release experi-
ments, which have been already discussed in depth in several
reviews.®”) Most studies focus on glycine and alanine, which
are the most simple structured molecules having both, an
amino and a carboxy functional”®? group. Only few
comparative studies between different amino acids, pH and
ion strength exist.”?*¥ Most of the AAs do not interact with
the silica surface in aqueous systems because they are
present in their zwitterionic form in which the attraction of
NH?** and repulsion of COO™ groups by the silanol groups
balance each other.®? Only AAs with additional charged
groups, e.g. arginine, lysine and histidine can interact
electrostatically with the negatively charged silanols on the
silica surface.’?* These interactions are highly pH depend-
ent. A significant interaction can be observed at pH > 5 which
can be explained through appearance and accumulation of
negatively charged groups on the silica surface® at pH>5.

© 2020 The Authors. Published by Wiley-VCH GmbH
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The electrostatic interaction can lead to the formation of
outer-sphere complexes, where positively charged amino
acids coordinate to the silica surface.*” There are also studies
indicating that hydrogen bonding between silanols and the
functional groups of the amino acids has a huge influence on
amino acid adsorption at very high pH (pH > 10).%® The third
contribution to adsorption of amino acids are hydrophobic
interactions with the Si—O-Si surface groups of silica as
shown for phenylalanine or benzene as aromatic
molecules.®**® But with higher pH the influence of hydrogen
bonds and hydrophobic interactions diminish due to the
increasing electrostatic interactions.®”

Chromatography, which usually exploits the different
interaction strengths of various components in a mixture
with a surface is widely used for analytical purposes and for
the purification of biopharmaceuticals.®® Although in high-
performance affinity chromatography, zonal elution is one of
the most common formats to study biomolecular interac-
tions, it is yet rarely used for interaction studies of amino
acids with silica. Zonal elution is performed by injecting a
small volume of analyte onto a column under isocratic
conditions and by monitoring the elution time. The elution
time of the target is directly related to the target’s interaction
strength with the resin. These experiments are performed
with different conditions, which lead to detailed information
about the nature of interactions. Conditions that can be
altered are pH, ionic strength, temperature, composition of
the mobile phase.?**" Basiuk and coworkers were the first to
use chromatographic retention data to obtain free adsorp-
tion energies for single AAs on silica in water.””>" Here we
extend this work to determine the strength of the inter-
actions under different conditions by measuring the time an
analyte needs to pass through the column in relation to a
non-binding analyte.”>*" In order to understand the binding
behavior of peptides and proteins, the natural AAs serve as a
useful reference to improve the understanding of the protein
and peptide-surface interactions with the stationary
phase.**! As the use of buffer is essential in biotechnology
the AA-surface interaction should also be investigated in
presence of the buffer.”® However, a detailed understanding

of the buffer influence is required to make results trans-
ferable between systems. In this paper, we demonstrate the
strong influence of buffers on AA interaction with silica
combining experimental and theoretical methodologies. We
perform the column chromatography zonal elution experi-
ment to determine the Henry coefficient, which is a
descriptor for the propensity of binding events between solid
and liquid phase in chromatography.”“? The interaction of all
the 20 AAs with the silica solid phase were investigated in
presence of different buffers. We also formulated a multiscale
modelling framework combining molecular dynamics (MD)
simulation and different flavors of Langmuir model to under-
stand the amino-acid adsorption in presence of different
buffers. MD simulation was performed to evaluate the
energetic parameters of the adsorption of a single molecule
which is further used in mechanistically different Langmuir
models to predict adsorption behavior of thermodynamically
large numbers of adsorbate molecules in different physical
conditions.

2. Results and Discussion
2.1. Amino Acid Binding in Aqueous Solution

We first measured the interactions between AAs and silica
solid phase in a chromatographic system in aqueous buffered
solution (Figure 1a). The retention factor k; of the amino acids
is measured (see Experimental Section) in relation to a non-
binding analyte (in this case Uracil) and converted into the
Henry adsorption coefficient H (see Table S6 in Supporting
Information). In chromatography, retention factor of 1 means
a slight interaction with the column. A retention factor of 20
means strong interactions because the analyte is spending a
lot of time interacting with the resin. Retention factors > 20
are problematic because this means extreme long run times
and poor sensitivity due to peak broadening.*” The Henry
coefficient is directly related to the retention factor only
multiplied by the phase ratio of the column [see Equation (1)]
for better comparison of different packing. As the phase ratio

40
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Figure 1. a) Henry coefficient for the binding of AAs to silica in 10 mM TRIS pH 8 as measured [see Equation (1)] using the chromatography experiment. b)
Binding affinity of the AAs in water calculated using umbrella sampling simulation [see Equation (2)]. The positive charged AAs, R and K bind strongly to silica

as found in both experiment and simulation.
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of the columns is between 0.7 and 0.9 the values can also be
applied for the Henry coefficient. The Henry coefficient (H) is
the linear equilibrium constant between solid and liquid
phase in chromatography and can thus be used as the
equilibrium constant K in the van’t Hoff equation which gives
information about the difference in free energy of
adsorption.”

—AG° V
+In=2

Vs
|nki—|nK+an—M_T V_M (1)

Here AG’ is the free energy of adsorption. V, and V,, are
the phase ratio between the volumes of the stationary phase
and mobile phase of the chromatographic system respec-
tively. R is the gas constant and T the temperature. The Henry
coefficient was measured for all 20 AAs as shown in Figure 1a
below. The binding free energy of all 20 AAs with the silica
were evaluated using Umbrella Sampling (US) simulation and
the binding affinity (K.,.) was calculated by integrating the
free energy curve as follows™®

cutoff
Kcalc =C A dz exp(_ﬁWcalc (Z)) (2)

Here W,,(2) is the calculated free energy of binding for
an AA to silica as a function of distance (2) to the silica
surface (see Experimental Section). cutoff is the distance up
to which an AA is interacting with silica. A quantitative
comparison of the calculated binding affinities and the
experimental Henry coefficient is not possible because the
constant C in Equation (2) cannot be determined. However,
irrespective of this constant, the calculated binding affinity (
K.qic/C) is proportional to the measured Henry coefficient (see
Figure 1). The numerical values of the calculated free energy
minima and the binding affinities of all the AAs are tabulated
in Table ST of the Supporting Information. As we observe
from the Figure 1, the positively charged AAs arginine (R) and
lysine (K) are the strongest binding AAs as revealed in both
simulation and the experiment. These findings are in line
with other experiments®7?? that indicate that the basic
amino acids interact with silica at higher pH the most and
the other AAs show low to no interaction at these conditions.
The driving force for interaction of AAs with silica are the
additional basic groups in R and K®? which provide strong
electrostatic interactions with silica at high pH.E” It is
important to note that in Figure 1 the experimental results
are from the 10 mM TRIS pH 8 run and the simulation is in
water. This is due to the problem, that in plain water the
basic amino acids show high adsorption and thus no
measurable retention time. This effect is mainly due to the
competitive effect of TRIS on the AA adsorption and will be
discussed in greater detail in the section below.
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2.2. Influence of the Buffer

In the chromatography experiments, we used two different
buffers: TRIS and MOPS. Depending on the pH of the solution,
these buffers will have different protonation states as shown
in Figure 2(a) below. TRIS has two protonation states with net
charge + 1e (TRISP*™¢) and 0 (TRIS™""), while the protona-
tion state of MOPS have net charge 0 (MOPS™""™®) and —1e
(MOPS"®™¢) |t has been previously reported that the buffer
interacts with different oxide surfaces of titanium.'” Due to
their charge the buffer species will also interact with silica
and the AA, leading to competing interactions.!""*? Therefore,
we evaluated the free energy of adsorption of the different
buffer species to silica and also quantified the interaction
between the buffer species and AAs. The binding affinity of
the buffer species and the two strongly binding AAs (R and K)
are shown in Figure 2b below. The corresponding free energy
profile for the binding affinities are shown in Figure S1 and
the Henry coefficient conversion for the experimental data in
table S7 of the Supporting Information. As we observe from
Figure 2b, the binding affinity of buffer species MOPS"t"
and TRISP*"™¢ are quite comparable with amino acids K and R.
Therefore, the buffer binding affinity cannot be ignored to
determine the overall binding capacity of the AA in presence
of the buffer. It's worth mentioning that although we have
considered different protonation state of the buffer, we have
only assumed the positively charged (protonated) species of
R and K. However, this assumption is justified since the pKa
values for corresponding amino group of R and K are 12.10
and 10.67 which is far above the pH range studied in this
article. We further quantified the interaction between the
amino acids (K and R) and the buffer species by calculating
the interaction energy between them (see Experimental
Section).

We can see from the Figure 2¢c, that the interaction
energy is largest between R and MOPS™%™¢ species. All other
interaction energies are quite similar to the R—R dimer
interaction. In case of K (Figure 2d) also, the strongest
interaction was found to be between K and MOPS™%™¢, The
interaction energy at a specific distance between the two
molecules are tabulated in Table S3 and S4 of the Supporting
Information.

2.3. Binding of R and K to Silica in Presence of TRIS Buffer

Henry coefficient for the interaction of R and K were
measured in presence of TRIS buffer for the pH range of 7.2
to 8.5. The binding affinity of both R and K increases with pH
in presence of TRIS buffer. This effect is expected due to the
increasing negative charge of silica surface with increasing
pH.B2*% Nevertheless, TRIS buffer has a strong impact on the
binding of AA because we were not able to gain Henry
coefficients in plain water due to strong interactions of K and
R with the silica surface. This can be explained by the higher
ionic strength of the solution through the buffer and thus a
competitive absorption of TRIS and the AA.% Although

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. a) Molecular model of different protonation state of MOPS and TRIS buffer at different pH. TRIS has two protonation states with net charge + 1e
(TRISP>¥¢) and 0 (TRIS™")), while the protonation state of MOPS have net charge 0 (MOPS™"") and —1e (MOPS™%™"<), b) Binding affinities of the different
buffer species to the silica. The binding affinities of K and R are also plotted for comparison. c) Interaction energy between the AA, R and different buffer
species as a function of distance between them. d) Interaction energy between the AA, K and different buffer species as a function of distance between them.
The interaction energy between the buffer species are plotted in both (c) and (d) for comparison. In both cases, there is a strong attraction between the R/K
and the MOPS™%™ species. (c-d) The concentric circles in the figures indicate the actual calculated values while the solid lines are the running average over

these data.

higher pH leads to higher surface charge of silica the increase
of the Henry coefficient is not comparable to adsorption
experiments in the same pH range showing a more linear like
increase.®**

To understand this pH dependent interaction of R and K
in presence of buffer, we set-up a multiscale modelling
framework for adsorption. The multiscale modelling consists
of calculations of energetic parameters of binding from the
MD simulation (see Experimental Section) and further use of
these parameters in two mechanistically different multi-
component Langmuir adsorption models. The models pro-
vide the fraction of R/K bound to silica which is again
proportional to the measured Henry coefficient. Depending
on the interaction strength between the AA and the buffer
species in an adsorbed state, we invoke one of the two
different kinds of Langmuir models®"” as shown schematically
in Figure 4 below. As the name suggests, in the non-
cooperative model (Figure 4a) the interaction between the
adsorbates (A and B) are neglected while the cooperative
model (Figure 4b) is formulated assuming an interaction
between the adsorbates. The black semicircles are the
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adsorption sites (silica in our case) which can either
accommodate one (non-cooperative model) or two (coopera-
tive model) adsorbates (A and B). In an equilibrium situation,
the adsorptive molecules continuously adsorb and desorb
(see Supporting Information). The type of multicomponent
cooperative adsorption model we consider here was first
derived by Moreau et al.”? and therefore also known as the
Moreau model in the literature. Although, Langmuir model
was originally developed to study adsorption from the gas
phase, the model is much more general and appears in
variety of other physical situations (e.g. ligand binding to
protein) described by a simple combination reaction where
loss of mass action is valid in equilibrium.®" Therefore, use of
Langmuir model to describe adsorption in Liquid-Solid inter-
face is fully justified. Esposito et al.*® fitted their experimen-
tal adsorption isotherm with this kind of multicomponent
Langmuir model to study the bio-separation of metal ions.
The pH dependence of the isotherms was captured in the
ratio of the different protonated and unprotonated metal
ions. Xiao etal.®™ measured the adsorption isotherm of
several organic acids and bases on graphite and fitted the
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isotherm with the multicomponent Langmuir model. The pH
dependence was captured by the protonation and deproto-
nation of the organic acid and bases similar to the work by
Esposito et al.>?

Since, there is no strong interaction between different
molecular species (see Figure 2¢,d) and Table S3 and S4 in
the supporting information) in presence of TRIS buffer, we
will invoke the non-cooperative (Figure 4a) competitive
Langmuir model to understand the pH dependent binding as
described in the Experimental Section in detail. We calculate
the fraction of bound AA for different pH (Figure 3¢,d) and
found qualitatively same behavior with the experiment. The
increase of binding fraction of K/R with the pH can be simply
understood as follows. When the pH of the solution is low (<
8), there will be more TRISP*™¢ species in the solution than
the TRIS™" (see Figure 2a). Therefore, the effect is simply a
competitive effect between TRIS and the AA for the
negatively charged silica surface. With the increase in pH, the
TRISP*"™¢ species will deprotonate giving rise to more
TRIS™" species. Therefore, as pH increases, K/R has to
compete with TRIS™" for the binding sites while for low pH
the competition for the binding sites will be between the K/R
and TRISP*™¢ which has a much higher binding affinity (to
silica) in comparison to TRIS™®. As a result, the binding
fraction of K/R increases significantly when the pH is higher
than the pka of the TRIS buffer.
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2.4, Binding of R and K to Silica in Presence of MOPS Buffer

Retention factors for the binding of R and K were again
measured in presence of MOPS buffer for the pH range of 6
to 7.6 and converted in Henry coefficient (see table S8 of
Supporting Information). As shown in Figure 5a,b below, for a
pH range 6 to 7.2 the interaction of both the AAs slowly
decreases and at a pH of 7.6 we see a sudden increase in
interaction. Previous experiments always indicated higher
adsorption capacities with increasing pH.2****% To under-
stand the experimental binding behavior, we again use our
multiscale modelling framework as described in the previous
section. Since the deprotonated species of the MOPS buffer
(MOPS"%™"¢) has a net attractive interaction (see Figure 2c,d))
with the R/K species, the binding will be described by the
cooperative Langmuir adsorption model (also known as
Moreau model®) rather than by the non-cooperative one
(see Figure 4b). Gritti etal.” measured the adsorption
isotherm of various alcohol with porous silica and fitted the
isotherm with non-cooperative and cooperative Langmuir
model (also known as Moreau model) depending on whether
the alcohol solution is buffered or not. Neither the interaction
between the solid phase and the buffer nor the interaction
between the buffer and the alcohol was considered in their
models. Figure 5a,b show the experimentally measured Henry
coefficients for K/R, while Figure 5¢,d shows the calculated
fraction of bound K/R (see Experimental Section). We observe
a good qualitative match between the experiment and the
modelling for this scenario.
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Figure 3. Measured Henry coefficient of K (a) and R (b) as a function of pH in presence of TRIS buffer. pH values are quoted on top of the bars. Fraction of K (c)
and R (d) bound to silica as a function of pH as calculated using multiscale modelling. The experimental Henry coefficient and calculated bounded fraction

show qualitatively similar behaviors.
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Figure 4. a) Schematic diagram illustrating non-cooperative competitive Langmuir adsorption model of two different species A and B. The black semi circles
represent the adsorption sites which can accommodate only one molecule. There is no interaction between A and B. b) Schematic diagram illustrating a
cooperative adsorption model of two different species A and B. The black semi circles now represent adsorption sites which can accommodate up to two
molecules. There is an interaction between the molecular species when adsorbed in a same adsorption site.
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Figure 5. a)/b) Experimentally measured Henry coefficients of K/R as a function of pH in presence of MOPS buffer. pH values are quoted on top of the bars. c)/

d) Fraction of K/R bound to silica calculated using multiscale modeling.

The physical origin of the binding behavior of K/R with
respect to pH can be understood as follows. Since MOPS
buffer has a pKa of 7.2, for low pH (< 7.2), the solution in the
chromatographic column will be populated by MOPS™
species, while for high pH (>7.2) most of the MOPS™""
species will be deprotonated and as a result there will be
more MOPS™%"™¢ species in the solution (see Figure 2a). If
there is no interaction between the K/R and MOPS, for low
pH, K/R has to compete with MOPS™"" while for high pH, it
has to compete with MOPS™%"¢ species for silica binding
sites. Since MOPS™ "™ has a much higher binding affinity
than the MOPS™®™¢, the K/R binding fraction will increase
with increasing pH. However, the situation is different when
there is a moderate attraction between K/R and MOPS"%"e,
Since MOPS"™%"¢ has a pretty low binding affinity, it cannot
compete with K/R for binding sites on its own. However, due
to the strong attraction of the K/R with MOPS™%™¢ when a
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K/R binds to silica, it sometimes accompanies a MOPS"%ve
with it and as a result the binding sites are occupied by
MOPS™®™e also. Therefore, the overall binding of K/R
decreases with increasing concentration of MOPS™%™¢ and
seems to be more relevant than the increasing negative
charge of the silica surface with increasing pH. However, as
the pH increases further, the concentration of MOPS"9ve
increases together with the negative surface charge of the
silica.®” K/R cannot interact with additional MOQPS"%"e
molecules to form complexes. Due to a decrease in MOPS™™
concentration and increased negative charge on the surface
more silica binding sites are available for K/R, resulting in an
increased overall binding in the end.
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3. Conclusions

To summarize, we have measured the binding affinity of all
20 AAs with silica using zonal elution chromatography. We
could show the capability of chromatography for studying
interactions between single AAs and silica surfaces under
different conditions in aqueous systems. Furthermore, chro-
matography has the advantage of real time monitoring and
the possibility to have an automated high throughput
system, which leads to a lot of data points with little effort.
Among the 20 AAs, the positively charged AAs R and K were
found to have highest affinity towards silica, which was
validated by calculation of binding free energy using US
simulation. The binding behavior of R and K was further
studied in presence of different buffers and was found out be
strongly dependent on the choice of buffer which is never
accounted in biotechnology experiments. When TRIS was
used as buffer the binding affinity of R/K increases with pH
(7.3 to 8.5) while in case of MOPS the affinity first decreases
with pH (6.0 to 7.0) and with further increase of pH (>7) the
affinity again goes up. In addition, with its conventional role,
the buffer can be used to tune the AA-silica interaction
increasing the efficiency of AA separation, by a significant
amount. We also present a multiscale modelling framework
to understand the binding of AA in presence of buffer. The
multiscale modelling consists of calculations of energetic
parameters of binding from the MD simulation and further
use of these parameters in mechanistically different multi-
component Langmuir models. In a very recent work, similar
multiscale modelling approach involving MD simulation and
the non-cooperative Langmuir model was adopted by
Angelis et al.>® to predict the adsorption of surfactant to the
alumina. In this work, we extend the Langmuir model to
account for multiple interacting species which is relevant in
variety of physical situations including ours. The multiscale-
modeling framework can be used to screen the suitable
buffer prior to the experiment, which is often expensive, and
time consuming to perform. Our model helps to predict the
relative interactions strength between different components
in a bio molecular mixture (AA, peptides, proteins etc.)
appears in variety of physical situations like chromatographic
purification. We hope to extend the cooperative adsorption
model in the future to describe the incorporation of peptides
and proteins in mesoporous silica materials as well.

Experimental Section

Adsorbent and AAs: The silica used for the experiments was
Silica Gel 60 from AppliChem, Germany. The porous silica had a
particle size of 40 to 60 um. The pore diameter was 55 to 65 A
and the pore volume 0.7 to 0.8 mLg™'. The surface area was
given with 450 to 550 m?g~". TRIS was purchased from VWR,
Germany. MOPS was purchased from Carl Roth, Germany. All AAs
were purchased as L-stereoisomer. Most AAs were purchased in
research grade from SERVA, Germany. Arginine, histidine and
proline (Cellpure >98%) were purchased from Carl Roth, Ger-
many. Cysteine, lysine and phenylalanine were purchased with a
purity >98% from Sigma-Aldrich, Germany. For the column, a
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column blank kit (Supelco) with LxID 25cmx4.6 mm from
Sigma-Aldrich was purchased and shortened to a length of
3.3cm resulting in a volume of 0.55mL. The buffers were
prepared in DI water. The AAs were also prepared in DI water
with concentrations between 1 and 50 mM (see Table S5 of the
Supporting Information). All buffers were degassed and filtered
through a 0.2 um cellulose-acetate-filter from Labsolute, Ger-
many. The AAs were also filtered with 0.2 um cellulose-acetate
syringe filters from Macherey-Nagel, Germany.

Henry coefficients: The chromatographic column was operated
on an Agilent 1100 HPLC system with an UV/Vis detector. AAs
were measured at 210 nm, aromatic AAs at 280 nm additionally.
The flow rate was ~12 cmmin~' for every run and the injection
volume for every AA was 20 pL. Every AA was measured at least
three times per experiment in random sequences. The Henry
coefficients H was determined with H=Kk'/¢. Where k' is the
retention factor of the AA and ¢ is the phase ratio of the column.
The retention factor is calculated as k' = (tg—t,)/t,. Here t; stands
for the retention time of the AA and t, for the retention time of a
non-interacting tracer in this case 1 gL™' uracil. The phase ratio
of the column is calculated with ¢ =(1—¢")/€". Here €' is the total
porosity of the column calculated with the flow rate V=

2 mLmin g'=(ty V)/V orumn-

The Langmuir adsorption model for two different non-interact-
ing adsorbates (non-cooperative Langmuir model): Consider
two adsorbates A and B (See Figure 4a) with binding affinity K,’
and K, with the adsorbent having a total I' number of
adsorption sites. The average number of A molecule bound (N,)
is given by®"

Ky 0,

N = A
<MNa= 14+ 0,K,+ 0K g

="

See the Supporting Information for more details.

The Langmuir adsorption model for two different interacting
adsorbates (cooperative Langmuir model): Consider two adsor-
bates A and B with binding affinity K, and K, with the
adsorbent having a total I' number of adsorption sites (see
Figure 4b). U,, is the interaction energy between two
A molecules when both of these two are adsorbed on a single
adsorption site. Uy is the corresponding interaction energy for
the B molecules and Uy; is the interaction energy between A and
B in case the adsorption site is occupied by one A and one B
molecule respectively. In equilibrium, the average number of A
molecule bound (N,) is given by®'*?

<Ng>/'=F,=

2K, 0, + 20,2K' 2P 4 20,K',0,K ye PV
14 20,K 5 + 0,2K ,"e Pt

20K 5 + 05°K 7€ 7Y% + 20,K 405K ze "V

The complete derivation of Equation (4) above is presented in the
Supporting Information.

Binding affinity of the AAs and the buffers to the silica surface:
To estimate the binding affinity of the different molecular
species with the silica surface we calculate the potential of mean
force (PMF) (between the molecule and silica) of binding using
umbrella sampling (US) simulation. The atomistic model (Fig-
ure 6a,b) of the porous silica surface for the MD simulation was
chosen from the database provided by Emami et al.?"’ From the
database we chose a Q°silica surface model (33.6 Ax34.9A)

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 6. Atomistic model of the silica used in the MD simulation: a) Top and b) side view. Silicon atoms are represented in yellow, oxygen atoms in red and
hydrogens in white. Na* ions are shown in blue. ¢) Snapshot of the initial system prepared for MD simulation with silica in the end and the AA in the middle

of the simulation box. The surrounding water medium is not shown in full atomistic details but as collection of cyan dots (“solvent” representation in VMD"

63])

for clarity. The free energy of binding was computed as a function of distance between the AA and Silica (Reaction Coordinate). d) Equilibrated snapshot of
the AA adsorbed on silica. e) Initial snapshot of a system prepared to calculate the interaction energy between the adsorbed AA and another molecule. The
AA was kept frozen to its adsorbed geometry while another molecule is pulled towards it and the interaction energy is measured.

containing 4.7 silanol groups per nm? of the surface of which
14% are deprotonated corresponding to a pH of 7.4. The model
for the AAs were built using Ambertools®” program. A simulation
box with the silica in one end and AA in the middle was
prepared. The full system was then solvated in TIP3P water®®
(Figure 6¢). A sufficient number of Na* and Cl~ counter ions
were added to achieve overall charge neutrality of the system.
The force field for the silica surface were taken from Emami
et al.”” while AMBER99SB-ILDN"? force field was used for AAs
including the solvents. The system (~10,000 atoms) was first
energy minimized and then MD simulation in isothermal
ensemble (NVT) was performed to equilibrate the system. The
silica surface was kept frozen during the simulation and periodic
boundary condition was imposed in all three directions. The x-
and y-dimensions of the box were kept equal to the x- and y-
dimensions of the silica surface, and the atoms located at the
edge of the silica patch were connected through bonds via the
periodic boundary condition to avoid boundary effects. A series
of short NVT simulations with varying z dimension of the box
were performed thereafter to achieve the correct density of the
water in the bulk. We used Nose-Hoover thermostat®® to
maintain the system temperature at 300 K. The system with
correct water density was further used for US simulations. All the
simulations were performed using GROMACS™" simulation pack-
age. We further proceed to calculate PMF of AA with the silica
surface using US simulation with the distance between the silica
surface and the center of mass of the AA as reaction coordinate
(Figure 6¢). To generate the configuration for US run, the AA was
pulled towards the silica surface and the overall system is
equilibrated again when the AA is adsorbed on top of the silica
surface. The AA is then pulled off from the silica surface and the
system configuration is saved at a regular distance (between the
AA and the silica surface) interval for the umbrella sampling run.
We used a spring constant of 1000 kJmol/nm? and the pull rate
0.01 nm/ps for the pulling simulations. The umbrella sampling
simulation were further performed with these configurations
with the strength of the umbrella potential 1000 kJmol/nm?
Each umbrella sampling windows were first equilibrated for 4 ns
and then from another 10 ns run we save the histograms for PMF
generation. The PMF curves were calculated using the Weighted
Histogram Analysis Method (WHAM)®? also implemented in
GROMACS. The obtained histograms and the PMF profile for a

specific case are shown in Figure S5 of the Supporting Informa-
tion. In this article, we use the term free energy profile as
alternative to the PMF profile both having same meaning.

Interaction energy between R/K and the buffer species: To
measure the interaction energy of R/K with another R/K or the
different buffer species, we chose the equilibrated geometry of
R/K as it adsorbed on the silica (Figure 6d). The R/K was kept
frozen in that geometry while other molecule (another R/K or
buffer species) was pulled towards it (Figure 6e) and the
interaction energy was measured. The interaction energy
between different buffer-species was also measured the same
way.

The multiscale modelling (binding of K/R in presence of TRIS):
There are 3 different molecular species present in the chroma-
tography column in this case: K/R and two buffer species
TRIS™® and TRISP*"*¢ (see Figure 2a). The concentration of K/R
in the chromatographic column is X, and the concentration of
the TRIS™"" and TRISP*"" buffer species are X; and X,. If the
total concentration of the buffer species is C; and pka is the
buffer pKa value, then

X1 +X2 = CB and X1/X2 — ‘Ioph—pka (5)

For a given value of C;, Equation (5) can be solved for X; and X, at
a particular pH.

According to Equation (3), the total fraction of R/K bound F, is
given by,

. Xoko ]
o = \ T XKy £ XK, 1 XK, ©6)

Here K,, K, and K, are the binding affinity for AA, TRIS™"" and
TRISP"™e respectively. Please note that the binding affinities in
Equation (6) and the ones calculated in the simulation (Equa-
tion 2) are not quantitatively same but proportional to each
other. The use of the binding affinity from the simulation in the
Equation (6) is still justified, if one is not looking for quantitative
prediction but the qualitative behavior. In all our calculation, the
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concentration of both buffer (Cz) and AA (X,) was assumed to be
1 (arbitrary unit).

The multiscale modelling (binding of K/R in presence of
MOPS): As before, there are 3 different molecular species present
in the chromatography column: K/R and two buffer species
MOPS™" and MOPS"%"™¢ (see Figure 2a). The concentration of
K/R in the chromatographic column is X, and the concentration
of the MOPS™%™"¢ and MOPS""" puffer species are X, and X,. We
can write equation similar to Equation (5) as

X, +X, = Cg and X, /X, = 10°"Pka 7
Now, the total fraction of K/R bound to silica is given by
Fo = 1/2(Fo1 + Fo) (8)

Here, Fy,is the fraction of K/R bound to silica due to cooperative
adsorption between K/R and MOPS™®™, F., is the corresponding
fraction when K/R and MOPS™"™ are considered. According to
Equation (4), we can write

F01 =

2XoKo + 2Xo° Ko’ exp(—BUu) + XoKoX1K1exp(—BUo: ) )
1 4 2XoKo + Xo? Ko exp(—BUq) + 2X, K1+
X1?K,2exp(—BUsy) + XoKoXi K, exp(—BUq)

For =

2XoKo + 2X02K029XP(—ﬁUoo) + XoKo X K exp(—BUy,) (10)

1+ 2XoKo + Xo*Ko*exp(—BUno) + 2X,K,+
X, K, exp(—PUy,) + XoKoP,K,exp(—BUo,)

The parameter U's are the interaction between different species
and K's are the binding affinity. Among the different intermo-
lecular interaction energies in Equations (9) and (10), only the
interaction energy between the R/K and MOPS™®"“e (U,,) is
significant (see Figure 2¢,d). Therefore we keep all other inter-
molecular interaction energies (Uyy, Uy,, U1, U,,) zero except Uy,.
In case of binding of R we use a value of U, to be —20 kJ/mol
while in case of K the value is —12 kJ/mol (see Table S3 and S4 of
the Supporting Information) and get the binding behavior as
shown in Figure 5¢,d. In all our calculation, the concentration of
both buffer (Cg) and AA (X,) was assumed to be 1 (arbitrary unit).
Please note that the interaction energies are calculated at a
distance of 8 A between the species (see Table S3 and S4 of the
Supporting Information) which may not be the case in reality.
Therefore, we calculate the binding fraction of R/K with pH for
different value of U,;. We observe ( see Figure S6 of Supporting
Information) that in case of R, an attractive interaction (between
the R and MOPS™%™¢) of magnitude > 11 kJ/mol is required to
qualitatively reproduce the experimental behavior while in case
of K the respective interaction energy is 7 kiJ/mol. It is evident
from the Figure 2¢,d (and Tables S3 and S4 of the Supporting
Information) that R and MOPS™%™® have higher attractive
interaction than K and MOPS"%"e,
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3.2 Insights on alanine and arginine binding to silica with atomic

resolution
While there is a general understanding of electrostatic interactions dominating the adsorption
of amino acids, peptides, and proteins to silica, the nature of the interaction is still not fully
understood yet. Here the interaction of the amino acids alanine and arginine with the silica
surface is investigated. The focus lies on the contribution of the individual functional groups of
the amino acid backbone and basic site group using different capped amino acid variants of
alanine and arginine. The interactions are investigated by chromatographic zonal elution (ZE),
flow microcalorimetry (FMC), and molecular dynamics (MD) simulation. The work presents
data of heat signals from FMC, retention factors from ZE, and calculated affinities from MD
simulation. Furthermore, the distances between the individual functional groups of the amino

acids and the silica surface are calculated by MD simulation and presented as histograms.

When capping the carboxyl group of alanine, the capped L-alanine ethyl ester and L-alanine-
tert-butyl ester adsorbed to silica with the positively charged amino group of the backbone. No
adsorption was measured for the negatively charged acetyl-L-alanine, and in ZE, a repulsion
from the negatively charged silica surface could be measured. For arginine, the affinity
generally depends on the total charge of the derivative. The zwitterionic acetyl-L-arginine has
little to no affinity to the silica surface, while the double positively charged L-arginine methyl
ester has the highest affinity for silica. Interestingly, not only the overall net charge but also the
total individual charges influence the affinity. L-arginine with two positive and one negative
charge (total net charge of +1) has a lower affinity than acetyl-L-arginine methyl ester with only
the free guanidine side group being charged (total net charge of +1). MD simulation confirmed
the affinity scale and indicated that adsorption is dominated by the guanidine side chain group
of arginine. Experiments with NaCl and sorbitol confirmed that electrostatic interactions drive
the adsorption of alanine and arginine, and no hydrogen bonding is involved. The FMC
experiments revealed the nature of the interaction of amino acids with silica. While silica is
generally seen as a weak ion-exchanger, FMC heat signals suggest otherwise. No ion exchange

is happening upon adsorption but ion pairing.

The substantial contribution of the doctoral candidate was the conception and the design of the
experimental part of the study after critical reviewing existing literature. The doctoral candidate
was the leading author and carried out all experimental works regarding chromatography and
the data analysis and processing of all experimental data and discussing the simulative data.

The FMC measurements were carried out together with R. Rouqueiro.
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ABSTRACT: Interactions of biomolecules with inorganic oxide surfaces such as silica in
aqueous solutions are of profound interest in various research fields, including chemistry,
biotechnology, and medicine. While there is a general understanding of the dominating
electrostatic interactions, the binding mechanism is still not fully understood. Here,
chromatographic zonal elution and flow microcalorimetry experiments were combined
with molecular dynamic simulations to describe the interaction of different capped amino
acids with the silica surface. We demonstrate that ion pairing is the dominant electrostatic
interaction. Surprisingly, the interaction strength is more dependent on the repulsive
carboxy group than on the attracting amino group. These findings are essential for
conducting experimental and simulative studies on amino acids when transferring the

results to biomolecule—surface interactions.

mino acids (aa) are the building blocks for peptides and
proteins, and understanding the mechanism that governs
their interaction allows one to control the interactions of aa to
different surfaces.'~* Controlling these interactions is essential
in several research fields in chemistry, medicine, and
biotechnology.”~"* Inorganic materials, especially silica, play
an important role in fields where the interaction of aa with the
surface is important, such as chromatography,'* biosen-
sors,">~"” and drug delivery.""~** Additionally, these inter-
actions play a role in the origin of life, because, in its early
stages, peptides were built by condensation of aa on inorganic
solid surfaces such as silica.”>~ Silica features two types of
surface groups responsible for the intrinsic surface properties
and the resulting interactions with other molecules: siloxane
bridges (Si—O—Si) and silanol groups (Si—OH). Silanol
groups deprotonate at pH > 3, leading to a negative charge
density on the surface which increases with pH.”*** The silica
surface and its features regarding biomolecule interactions have
been discussed thoroughly in various reviews.’’™>>
Due to the broad interest to different scientific fields,
experimental and theoretical studies identified electrostatic
interactions as the driving force for interaction of silica with
aa,*™* peptides,”*™*® and proteins.’’~** However, the
influences of the individual groups of aa on these interactions
are still not fully understood.””** The pH influences the charge
of molecules and surfaces and, therefore, electrostatic
interactions. Amino acids are primarily zwitterionic at ambient
conditions due to a-amino and a-carboxy groups’ charges.**
Only aa such as histidine, lysine, and arginine carry a positive
charge. Glutamic acid and aspartic acid bear an overall negative
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charge, each. These five aa carry the charge of proteins and
thus strongly influence protein interactions.

The aim of this study is to elucidate, with atomic precision,
which functional groups of aa contribute to the binding and
whether electrostatic interactions are solely or dominantly
responsible for binding. To obtain insight about the influence
of individual aa groups on their adsorption to the silica surface,
the interaction of selected aa and their specific capped variants
with silica were analyzed. For the first time, N- and C-capped
variations of amino acids are used for experimental interaction
studies with silica surfaces. In earlier studies we were able to
show that in aqueous systems only basic positively charged
amino acids adsorb with silica.”>* Therefore, in this study
only the zwitterionic L-alanine (Ala) and the positively charged
L-arginine (Arg) are investigated. These model aa were chosen
on the basis of their backbone and functional group charge.
The respective aa variants with blocked N- and/or C-terminus
were acetylated L-alanine (Ac-A), ethylated L-alanine (A-ethyl),
tert-butylated L-alanine (A-tbutyl), L-arginine (Arg), acetylated
L-arginine (Ac-R), methylated r-arginine (R-OMe), and a
double-capped L-arginine (Ac-R-OMe).

In the case of Ala when the negative carboxy group is
blocked, an overall positive charge due to the remaining amino
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ester (d) from the silica surface when the aa are adsorbed on silica as obtained from the MD simulation. In magenta and blue are the amino and
carboxy groups of the backbone, respectively. For more details on the “distances” calculated here, see Figure S4 of the Supporting Information and

text therein.

group should be observed resulting in binding to silica. For
Arg, depending on the blocked groups, different strengths of
interaction are expected.

To facilitate the elucidation of the interaction mechanism
between aa and a silica surface, thermodynamic studies by
means of flow microcalorimetry (FMC) were used to in situ
monitor the enthalpy of the interactions. Compared to other
microcalorimetric techniques, FMC can be used to simulate a
packed-bed chromatographic system at microscale. FMC can
dissect the subprocesses involved in the interaction between
molecules and surface and, as a consequence, be used to
discriminate between different energy contributions.”’~* The
FMC used in this study can detect power changes with a
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magnitude of 1077w, resulting in an energy resolution in the
order of 107 J, enabling analysis of very weak interac-
tions.””~* The FMC is ideally complemented with zonal
elution chromatography (ZE) to provide fundamental data for
molecular dynamic (MD) simulation.** For MD simulation the
atomistic model of silica and corresponding force field
parameters from a database by Emami et al. was used.”® To
investigate the adsorption behavior, the Q3 silica surface model
(see Supporting Information Figure S1 and text therein for
more details) was chosen. It considers 4.7 silanol groups per
nm” of surface, of which 14% are deprotonated at a pH of 7.4.
For the experiments all aa variants were purchased and
designed for simulation (Figure S2 and Figure S3).
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Different capped alanines were investigated for the influence
of the backbone amino and carboxy group inherited in every
aa. For the zwitterionic Ala, there was no detectable heat signal
in FMC, suggesting no interaction between alanine and silica.
This is supported by ZE experiments in which Ala elutes at the
same time as the tracer (Figure 1B, Table S1). This behavior
can be explained by the MD data where the distances of the
centers of mass of the different alanine side groups from the
silica surface were calculated via simulation. For more details
on the “distances” calculated here, see Figure S4 of the
Supporting Information and text therein. For noncapped Ala,
the amino group can be near the surface, while the carboxy
group is pendent (Figure 2A). Two peaks for the amino group
at 0.6 and 0.8 nm indicate different conformations. The amino
group of Ala can interact via electrostatic interactions or H-
bonds with the water on the surface.’® Solid-state NMR
investigation suggests that the interaction of L-alanine with
hydrated silica most likely happens with water (mobile phase)
molecules on the surface, resulting in washing out of the silica
in a dynamic setup.”” Ben Shir et al. found an N—Si distance of
0.4—0.42 nm for L-alanine and glycine on silica and declared it
as direct binding as no molecule such as water would fit
between the molecules.’’ > The potentials of mean force
(PMF, Figure 1C) profiles were calculated by umbrella
sampling (US). By integrating the PMF profiles, the binding
affinity was calculated showing no binding affinity (Figure 1D).

For the Ac-A derivative FMC also showed a small
exothermic peak, which can be associated with salt effects on
the silica surface due to pH adjustment (Figure SS). Therefore,
silica and Ac-A do not interact. The MD data support the
assumption of no binding: the integration of the PMF profiles
showed no binding affinity for Ac-A with silica (Figure 1C,D).
In the case of Ac-A, the amino group is blocked, and the aa
bears a total net charge of —1. As can be seen in the histogram,
both groups are far from the surface with very broad
distributions, indicating no relevance for the adsorption to
silica (Figure 2B). However, ZE experiments indicate electro-
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static repulsion of Ac-A from the silica surface. The negative
charge of the aa results in faster run times through the column
than the tracer solution. This observation points out the
mitigating effect of the negatively charged carboxy group on
the interaction of aa and silica (Table S1).

For both carboxy-capped derivatives A-ethyl and A-tbutyl
only exothermic peaks with net heats of —6.2 + 0.21 and —8.9
+ 0.31 m]J, respectively, were observed in the FMC (Figure 1A,
Table S2), indicating adsorption to silica, as the occurrence of
interactions of an exothermal nature contributes majorly to the
adsorptive process enthalpy.”” The interaction event is
supported by the ZE experiments, which show a retention
factor of >7 (Figure 1B, Table S1). In chromatography, a
retention factor of 1 means a slight interaction with the
column. A retention factor of 20 means strong interactions
because the analyte is spending a lot of time interacting with
the resin. Retention factors > 20 are problematic because it
means extremely long run times and poor sensitivity due to
peak broadening.>* The retention can be explained by the
overall net charge of +1 for both aa. Integration of the PMF
profiles from simulation further validated the interaction
(Figure 1C,D). A second exothermic peak for A-ethyl with
1.0 = 0.32 mJ and for A-tbutyl with 0.78 + 0.29 m]
overlapping the binding peak indicates the rearrangement of
both aa derivatives following the binding process. The signal is
aligned at a time beyond aa pulse residence time at the FMC
cell (around 480 s after heat signal start), compatible with the
establishment of a favorable arrangement of the adsorbed aa at
the surface. The energy for this rearrangement would be given
by the decrease of enthalpy from the first to the second
observed exothermic event.*” This behavior can be explained
by steric hindrance by the capping groups (Figure S6 and
Figure S7). However, this hindrance does not affect the
retention time in chromatography significantly and therefore
has only a little to no effect on the interaction between aa and
silica.
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The most interesting effect the FMC shows is the missing of
an initial endothermic peak. According to literature, the FMC
profile characteristic for ion exchange involves a first
endothermic peak related to the desolvation entropic process
overlapped with an exothermic peak related to the electrostatic
interaction itself. The missing of the endothermic peak
indicates a reduced contribution from desolvation subprocess
to adsorption, essential to an ion-exchange binding mecha-
nism, and suggests ion pairing as a possible mechanism.*

MD simulations indicate a contribution of the methylated
carboxy group as well as the amino group to the interaction
with silica surfaces. The interaction contribution is indicated
by two superimposed histograms at around 0.75—0.80 nm
(Figure 2C,D). Furthermore, ZE experiments with 200 mM
sorbitol as H-bond competitor and 1 M NaCl revealed the
electrostatic nature of the binding. While there was no
influence on the retention using sorbitol, NaCl negated the
interaction of A-ethyl and A-tbutyl (Figure S8). Snapshots of
the simulations illustrate the spatial location of the different
alanine derivatives to silica (Figure S9). Both the simulation
and ZE experiments show the same trend for binding affinities:
A-ethyl ~ A-tbutyl > Ala > Ac-A.

FMC and ZE experiments combined with MD simulation
elucidated the influence of the aa C- and N-termini on the
interaction of Ala. Given these findings, Arg with a strongly
positive guanidinium side group was investigated for the
additional interaction effects of the functional side group in
combination with the backbone groups.***%*°

In FMC the tendency R-OMe > Ac-R-OMe > Arg > Ac-R
for binding enthalpy was observed (Table S3). The same trend
was found in ZE experiments and MD simulation in terms of
affinity (Figure 3). Considering that electrostatic interactions
are the dominating forces for interaction, the charges of the aa
can explain the trend. R-OMe bears a net charge of +2 and has
the highest affinity. As shown for Ala, the amino group of the
backbone can interact with the surface in addition to the
guanidine side chain. The net heats of the single exothermic
event for the binding of Arg and R-OMe are —2.81 + 0.08 and
—10.31 + 0.92 mJ (Figure 3B, Table S3), respectively. Both
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the ZE experiments with Rep ope = 27 £ 3.3 being four times
that of RﬁArg = 7.25 + 0.06 and integration of PMF profiles
from simulation support the findings of the FMC. In the case
of noncapped Arg, MD shows both positively charged amino
and guanidine groups are at distances of 0.60 and 0.65 nm,
respectively, from the silica surface during adsorption, whereas
the negatively charged carboxy group is pendent (Figure 4A).
MD indicates direct binding of the guanidine group to the
surface.”’ ~>* For R-OMe, when the carboxy group is capped,
all three functional groups can be near the surface (Figure 4C
and Figure S10). The positive amino and guanidine groups can
interact at distances of 0.8 and 0.7 nm from the surface,
respectively, while the capped carboxy group could interact
through H-bonds between the carbonyl group (C=O0) and
surface silanol groups.”””**

In contrast, when the amino group is capped and the
zwitterionic Ac-R is used, ZE experiments indicate a low
affinity; a significantly lower R; of 0.29 + 0.00 was measured
compared to Arg (Figure 3B, Table S4). Ac-R has an overall
neutral charge due to its zwitterionic state and low affinity
comparable to Ala, and other zwitterionic aa are ex-
pected.**** Low affinity is supported by the FMC signal;
the exothermic event (binding) with —5.0 + 0.14 mJ and the
endothermic event (more consistent with elution) with 4.3 +
0.20 mJ are about the same size, resulting in a net heat of
—0.74 + 0.09 m]J (Table S3 and Figure S11). Further proof can
be found in the MD simulations. For Ac-R the broad peaks and
the greater distances of all groups to the surface indicate very
loose binding. The histogram for Ac-R indicates that the
adsorption is mainly mediated by the guanidine side group of
the Ac-R and the negative carboxy group is pendent (Figure
4B). This result is clear evidence for the interaction of amino
acids with silica through amine groups. The fact that in FMC
for Ac-R binding and elution could be observed with a negative
total neat heat and the Ry is still somewhat higher than for the
comparable zwitterionic Ala indicates the interaction of the
guanidine group with silica is stronger than the @-amino group
of the aa backbone with silica. These observations demonstrate
again the influence of the negatively charged carboxy group on
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the adsorption of basic aa. The results for the doubly capped
Ac-R-OMe confirmed this influence. The derivative shows in
FMC a higher interaction heat of —5.9 + 0.36 mJ compared to
that of the noncapped Arg, despite having the same net charge
of +1. Due to the missing negative charge on the carboxy
group the doubly capped aa experiences no repulsion from the
surface, resulting in stronger interaction. However, it also
shows a lower binding enthalpy than R-OMe, because it lacks
the additional positively charged amino group. The same trend
is found in ZE experiments. This effect can be explained by
MD, where the side chain guanidine (0.7 nm) and the carbonyl
group (0.8 nm) are near the surface, while the capped amino
group is pendent (Figure 4D and Figure S10); only the
guanidine group is interacting with silica, while the carboxy
group cannot mitigate the interaction due to the capping
group. More detailed analysis concluding the closest distance
of the different functional groups (of uncapped and capped
Arg) from the silica surface are presented in the Supporting
Information (see Figure S10 and text therein).

The thermogram profiles for arginine derivatives (Figure
3A) show considerable differences compared to alanine
(Figure 1A). No second exothermic peak is observed for the
first, indicating the absence of rearrangements during
interaction. This reinforces the idea of arginine multipoint
attachment to silica surface through positively charged amino
and guanidine groups, which is not so prone to rearrangement
processes.

Competitive ZE experiments with sorbitol and NaCl with
arginine derivatives (Figure S8) showed the same trend as that
for alanine, indicating that only electrostatic interactions play a
role for binding. The positively charged groups are attracted,
while negatively charged groups are repelled, from the
negatively charged silica surface. This indicates electrostatic
interactions mediate the adsorption between positively charged
amino and guanidine groups with deprotonated silanol groups
on the surface.*****>” Snapshots of the simulations illustrate
the binding of arginine to silica (Figure S12).

Besides the influence of the functional groups on binding of
amino acids to silica the FMC suggests the same mechanism
for binding of the Arg derivatives as for Ala. The results
indicate again that the binding mechanism is not accompanied
by an ion exchange. Since the aa thermograms miss the initial
endothermic peak, the binding mechanism probably follows
the principle of ion pairing between positively charged amino
and guanidine groups with siloxide groups (SiO7) as already
theorized for peptides.*

In summary, this study shows how flow microcalorimetry
experiments combined with chromatographic zonal elution
experiments and molecular dynamic simulation can reveal the
specific influence of different functional groups on the binding
affinity of aa to silica in aqueous environments. Investigating
different capped Ala and Arg showed the overall charge
dominating the strength of interaction with silica and exposed
the influence of the negatively charged carboxy group due to
repulsion from the negatively charged silica surface. Fur-
thermore, this is the first study which experimentally proves
that aa binding on silica does not follow ion exchange but an
ion-pairing mechanisms. These results help to improve models
and to further understand the binding behaviors for amino
acid, peptide, and protein adsorption not only to silica but also
other oxide surfaces. These findings can be applied in various
research fields, ranging from purification of biomolecules to
drug delivery systems.
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Bl ABBREVIATIONS

Ac-A acetylated L-alanine
AcR acetylated L-arginine
Ac-R-OMe acetyl L-arginine methyl ester
A-ethyl ethylated r-alanine
Ala, L-alanine

Arg L-arginine

A-tbutyl  tert-butylated L-alanine
FF force field

FMC flow microcalorimetry
MD molecular dynamics
PMF potential mean force
R-OMe methylated L-arginine
ZE zonal elution.
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3.3 Purification of a peptide tagged protein via an affinity

chromatographic process with underivatized silica
Underivatized silica is an abundant and inexpensive material with outstanding performance,
especially in analytical chromatographic processes due to its high mechanical strength, column
efficiency, and easy manufacturing. Despite these positive attributes to silica, it has yet to find
its place in protein purification. In this study, the octapeptide (RH)4 (RHRHRHRH) is
investigated as a silica binding tag for high-purity protein purification chromatography of eGFP
on bare silica. The focus lies on the proof-of-concept using the newly designed tag to purify the
fusion protein GFP-(RH)4 from lysate. Besides the proof of the (RH)4 tag being responsible
for protein binding, the work presents data on equilibrium and dynamic binding capacities, an

upscaling attempt, and a comparison of the process in different buffers.

(RH)4 is a silica binding peptide and able to bind fused proteins on silica in a chromatographic
process. For the operating buffer and flow conditions, the equilibrium binding capacity of the
fusion protein GFP-(RH)4 on silica was determined at 450 mg g and the dynamic binding
capacity at around 3 mg mL™!. In the one-step purification from the clarified lysate, the process
achieved a purity of 93% at 94% recovery. Further studies revealed that overloading the column
leads to purities of over 95% at the cost of recovery due to affinity displacement. Upscaling the
process confirmed the findings as on the partially loaded column with only around 80% purity,
more lysate proteins were found in the eluate. Experiments with different buffers indicated a

robust process applicable under various conditions.

The substantial contribution of the doctoral candidate was the conception and the design of the
study after critical reviewing existing literature. The doctoral candidate was the leading author
and carried out the experiments together with T. Steegmiiller, as well as the data analysis and

processing.
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Abstract

Silica is widely used for chromatography resins due to its high mechanical
strength, column efficiency, easy manufacturing (i.e. controlled size and poros-
ity), and low-cost. Despite these positive attributes to silica, it is currently used as
a backbone for chromatographic resins in biotechnological downstream process-
ing. The aim of this study is to show how the octapeptide (RH)4 can be used as
peptide tag for high-purity protein purification on bare silica. The tag possesses
a high affinity to deprotonated silanol groups because the tag’s arginine groups
interact with the surface via an ion pairing mechanism. A chromatographic
workflow to purify GFP fused with (RH)4 could be implemented. Purities were
determined by SDS-PAGE and RP-HPLC. The equilibrium binding capacity of
the fusion protein GFP-(RH)4 on silica is 450 mg/g and the dynamic binding
capacity around 3 mg/mL. One-step purification from clarified lysate achieved
a purity of 93% and a recovery of 94%. Overloading the column enhances the
purity to >95%. Static experiments with different buffers showed variability of the
method making the system independent from buffer choice. Our designed pep-
tide tag allows bare silica to be utilized in preparative chromatography for down-
stream bioprocessing; thus, providing a cost saving factor regarding expensive
surface functionalization. Underivatized silica in combination with our (RH)4
peptide tag allows the purification of proteins, in all scales, without relying on

complex resins.

KEYWORDS
affinity chromatography, amino acids, peptide tag, protein purification, silica

1 | INTRODUCTION

Downstream processing is currently the costliest aspect

Abbreviations: BC, big column; CV, column volume; DBC, dynamic
binding capacity; EBC, equilibrium binding capacity; Egfp, enhanced

during protein purifications [1]. Especially the biotech-
nological production of pharmaceuticals (e.g. antibodies,

green fluorescent protein; PB, phosphate buffer; SC, small column
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enzymes), with necessary purities of more than 99%,
require several processing steps [1, 2]. A frequent choice of
method is the chromatographic separation of molecules.
The chromatographic separation can be based upon
several interactions [3]. Affinity chromatography, as one
of the most selective separation methods, seems to be
inevitable when trying to achieve maximum purities of
the product [2]. Affinity chromatography relies on specific
binding between two ligands [4]. Therefore, peptide tag
systems such as Strep-tag, poly(His)-tag, Maltose-binding
protein, and so on. are often used to achieve a strong
chemical interaction to the functionalized stationary
phase [5-7]. The benefit of a tag system is the ability to
bind the target protein specifically, through molecular
engineering; therefore, achieving high purities after a
single step. However, in most tag systems the stationary
phase needs to be functionalized to fit the properties of
desired chemical interaction [5, 7]. Functionalizations of
the resin are often unstable and reduce the overall number
of available binding sites. Reduced capacity and limited
lifetime are reflected in the process costs [5].

Silica, an abundant resource on earth, is inexpensive
and the most used material in liquid chromatography
(LC), especially in reversed phase, normal phase, and
hydrophilic LC [8-10]. It offers low counter pressure and
the silanol groups on the surface can be easily function-
alized with various surface modifications [10]. The silanol
groups, negatively charged at pH >2-3, can undergo elec-
trostatic interactions which are not favored in conservative
silica applications [10-12]. However, there are only a few
studies on protein purification on underivatized silica [13,
14]. Recent developments suggest that peptide tags enable
the purification of proteins with bare silica, putting silica
resins back in the focus for protein purification research
[15-21].

In aqueous systems silica interacts mainly with the basic
amino acids lysine and arginine via electrostatic interac-
tions [22-24]. This was also shown by our group in a pre-
vious study for different buffer systems [25]. These find-
ings led to the idea to use one of our peptide tags, which
have been originally designed for bare magnetic nanopar-
ticles: (RH)4 [26]. The (RH)4-tag is a short peptide, con-
sisting of four consecutive arginine-histidine groups with
a total of eight amino acids and can be used for immobi-
lized metal affinity chromatography (IMAC) as well [26].
For this study, previous work on silica related tags was con-
sidered. However, these works have been done in static
binding systems such as a batch method, involved larger
peptide tags and were applied on a smaller scale [15-20, 27—
29]. In this study the (RH)4-tag system was implemented
for protein purification in a conventional chromatographic
workflow. The process shows to be applicable on a larger
scale and due to its small size of eight amino acids, the

PRACTICAL APPLICATION

Underivatized silica is an abundant and cheap
material with outstanding performance especially
in analytical chromatographic processes and has
yet to find its place in protein purification. Chro-
matography is one of the most important unit
operations in protein purification scenarios. There
is a need for new, affordable, and innovative meth-
ods in downstream processing of proteins. Our
rationally designed (RH)4 peptide tag in combi-
nation with underivatized silica as a stationary
phase, allows an easy and inexpensive affinity
purification process of fusion proteins. In labo-
ratory scale runs, the fully dynamical process is
automated from equilibration over loading, elu-
tion, and column washing and completed within
1-2 h depending on the amount of lysate. Puri-
ties of >95% are achieved in a single step with a
recovery of about 94%. In regards to column pack-
ing, Silica is easy to handle, thus, allowing proving
this method useful for beginner to advanced chro-
matographers with potential for up-scaling.

influence on the POIs biological activity and structure are
minimized [30].

A functional process using underivatized silica would
be inexpensive and easily applicable for many proteins.
This study demonstrates the capture of a target protein
(i.e. eGFP), with the designed (RH)4 tag system, on an
underivatized silica matrix. eGFP was used as model
protein since its fluorescence at 488 nm makes it easy to
detect [31]. The protein could be captured, and a fully
dynamic chromatographic workflow was developed. With
a single step chromatography ~90-95% pure GFP-(RH)4
is recovered. Silica in its nature has a huge specific surface
area, e. g. the Davisil 643 used in this study has 300 m?/g.
Therefore, by using it as a stationary phase, a high binding
capacity could be observed. Effectiveness of the (RH)4 tag
chromatographic workflow is shown in its high purities
after only one-step. Thus, an application-ready process
could be developed for purification of (RH)4-tagged
proteins on bare silica resins.

2 | MATERIALS AND METHODS

2.1 | Materials

All solvents and
grade.

chemicals were of analytical
Buffers used for preparative and analytical
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chromatography were filtered (0.2um @) and degassed.
The cloning of the GFP-(RH)4 variant was published
earlier by our group [26, 32]. The E. coli strain BL21DE was
used and incubated at 37°C in baffled flasks, at 150 rpm
until an OD600 of 0.7 was achieved. After induction with
1 mM IPTG, the protein expression was carried out at
16°C at 150 rpm. For chromatographic experiments a
10 X 100 mm Omnifit column (Kinesis, Germany) filled
with Davisil 643 (Sigma. Germany) was used. The bed
volume was set to 1.5 mL if not stated otherwise. The col-
umn was connected to an AKTApurifier (GE Healthcare,
Germany).

2.2 | Characterization of tag-silica
interaction

For binding experiments GFP-(RH)4 was purified via
IMAC as reported previously [26]. To achieve the cleavage,
a1:100 w/w ratio of a 1000 U TEV-protease to protein were
mixed. The mixture was placed in a 32 mm wide dialysis
tube (Thermo Fisher Scientific Inc, USA, MWCO 10000).
After the tube was locked it was incubated overnight in 2
L of a 50 mM Tris buffer (pH 8.0). Both intact GFP-(RH)4
and a TEV-cleaved GFP-(RH)4 were injected into a silica
column using 50 mM Tris pH 8.0.

For the dynamic binding capacity (DBC) a concentra-
tion (c,) of 1 mg/mL GFP-(RH)4 was first measured via the
systems bypass, to gather the max reference absorbance.
The GFP-(RH)4 was then directed through a silica column
with a column volume (CV) of 1.5 mL until a breakthrough
curve could be observed. The DBC, at 10% of the obtained
max mAU value, was then calculated with equation 1.

Cp*Q*tIO

DBClO = CV

@
With Q being the volumetric flowrate and t;, the time
passed until the 10% breakthrough curve occurred.

For the static equilibrium binding capacity (EBC), 1 g/L
silica particles were supplemented with set dilutions of
GFP-(RH)4 (3,2,1.5,1,0.75, 0.5, 0.2, 0.1 g/L; purity >95%).
A supernatant analysis via UV/vis and as an orthogonal
analysis a particle-BCA were performed to assess the total
amount of protein bound to the silica particles and calcu-
late the static binding capacity, as well as the Kj.

Therefore, the collected pellets were washed three times
with buffer. After washing, the samples were transferred to
a filter 96-well plate on top of a regular 96-well plate. The
assembled plates were centrifuged at 3000 X g for 10 min
to remove remaining liquid. The BCA assay was then car-
ried out with the Pierce BCA protein assay kit (Thermo
Fisher Scientific Inc., USA). After incubation, the stacked

in Life Sciences

plates were centrifuged at 3000 X g for 30 min until the
BCA reagent passed through the filter into the 96-well plate
below. The absorbance at 562 nm was measured via an
Infinite M200 microplate reader (Tecan Deutschland, Ger-
many). All samples were analyzed in analytical and tech-
nical triplicates

2.3 | Chromatographic purification of
fusion protein

Cell pellets were resuspended in 50 mM Tris-HCl pH
8.0 and supplemented with protease inhibitor (Roche,
Switzerland), EDTA (Carl Roth, Germany) and DNAse
I (AppliChem, Germany). Cell lysis was performed via
French press (Julabo GmbH, Germany) at 1.8 kbar. The
lysate was centrifuged at 20,000 rpm for 50 min at 4°C to
collect the soluble proteins of interest and hold on ice dur-
ing the whole process. The column was equilibrated for
four CV with 50 mM Tris-HCI, 5% Glycerol, pH 8.0 at a
flowrate of 1 mL/min. The equilibration step was followed
by loading of the cleared lysate onto the column. Once
the lysate was loaded on the column, it was washed with
four CV equilibration buffer. As soon as the UV signal for
280 nm decreased back to the baseline, the elution process
was started. For elution 50 mM Tris-HCI buffer was sup-
plemented with 0.5 M L-lysine, pH 8.0.

2.4 | Buffer experiments

For the buffer experiments three different buffer system
were prepared, 50 mM MOPS pH 8.0, 50 mM Phosphate
pH 8.0, and 50 mM Tris pH 8.0. All samples were prepared
in technical triplicates. 0.1 g of silica were added to 1 mL
of the respective buffer and supplemented with 1 mL of
the respective cleared lysate. The mixture was incubated
overnight at 16°C at 1200 rpm. After incubation, the tubes
were centrifuged at 16,000 X g for 5 min and the super-
natant was removed. The washing step was repeated twice.
After washing, 0.5 M L-lysine dissolved in the respective
buffer system was added to the tubes. The mixture was
incubated for 1 h at 16°C. After incubation, the tubes were
centrifuged, and the supernatant was collected and ana-
lyzed via BCA and HPLC.

2.5 | Protein analysis
The concentration and purity were determined by UV/Vis,
SDS-PAGE, and RP-HPLC.

The amount of protein in solution was determined
via UV/Vis spectroscopy and the measured values were
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transformed via Beer-Lambert law (Equation 2).
Ayg0 = €xdxc 2

With A being the measured absorbance value
at 489 nm, the extinction coefficient of eGFP at
€4509nm = 56,000 M~' cm™! [31], d the path length,
and c the molar concentration.

For SDS-PAGE the samples were mixed with a SDS load-
ing buffer (containing 10 mM DTT), heated for 5 min at
95°C, and loaded onto a 12% polyacrylamide gel unless
stated otherwise. The gel was scanned with the high-
resolution scanner Amersham Typhoon NIR Plus (GE
Healthcare Europe GmbH, Germany), and the densitomet-
ric analysis was performed with its analysis software Image
Quant TL.

For RP-HPLC analysis 8 uL of approximately 0.5 g/L pro-
tein sample was loaded onto a C4 column (Aeris, 3.6 um,
Widepore, 150 X 2.1 mm). The samples were analyzed
three times and the following buffers were used: buffer A -
ddH, 0O with 20 mM TFA,; buffer B - 100% acetonitrile with
20 mM TFA. The gradient ran from 40% to 60% B in ten CV
followed by three CV at 100% B and an equilibration step of
five CV at 40% B. For evaluation, all peaks at 233 nm were
integrated and the purity was calculated using the ratio of
the eGFP peak to the total protein peak area subtracting
the buffer peaks from the total peak area.

3 | RESULTS AND DISCUSSION
3.1 | Characterization of the tag-silica
interaction

For a short octapeptide such as (RH)4 it is crucial for the
tag to be separated from the protein and able to inter-
act with the silica surface, without forcing the protein to
the surface of the highly negative charged silica. This is
achieved by inclusion of a short linker sequence (SSG)
between protein and tag as well as a protease restriction
site (TEV protease) as indicated in Figure 1A The online
deep learning protein structure prediction service Robetta
provided by the Baker Lab at the University of Washington
was used, to get a preliminary understanding of the gen-
eral structure of the fusion protein (see Figure 1B) [33, 34].
For better understandability, the eGFP is marked in green,
the linker + TEV site in pink, and the (RH)4-tag in yellow
and blue for arginine and histidine, respectively. The struc-
ture prediction shows that the peptide tag is super exposed
from the protein and thus has no steric hindrance for
binding.

The design of the tag allows for it to be positively charged
while the overall protein remains negatively charged at

A
...LYKEFSSGENLYFQGRHRHRHRH

B

FIGURE 1 (A)Sequence of the C-terminal attachment of
(RH)4 to GFP and (B) 3-dimensional structure of GFP-(RH)4 via
Robetta simulation. The GFP sequence (green) ends with
Leu-Tyr-Lys followed by an SSG-linker, a TEV-protease site (pink)
and ends with the arginine (yellow)-histidine (blue) tag

alkaline pH. At acidic pH, the whole protein will be pos-
itively charged, since GFP-(RH)4 shows a theoretical pI
of 6.11 (ExPASy); thus, binding to the negatively charged
silica matrix, alongside many other proteins [13, 35-37].
Therefore, a basic pH is preferable since the protein will
be repelled by the negative silanol groups, whereas the
positively charged tag is still able to bind to the station-
ary phase. Keeping the stability of the protein and silica in
mind, a pH of 8.0 was chosen to satisfy these parameters.
A pH between 7.5 and 8.5 was also used by other groups
for silica binding peptides such as Car9 or the Si-Tag [15,
17, 29].

To proof experimentally that the (RH)4 peptide is
responsible for the binding, intact GFP-(RH)4 and TEV
protease cleaved GFP-(RH4) were compared for their bind-
ing ability under the same conditions. As shown in Fig-
ure 2 the intact GFP-(RH)4 bound to the column and did
not elute until L-lysine was added. As displayed in Figure 2
elution took around five CV to start indicating potential
in optimizing the elution step by testing different lysine
concentrations or other eluting agents such as arginine
[27]. The cleaved eGFP did not bind to the silica station-
ary phase and started eluting after 1 CV indicating that the
(RH)4 is responsible for protein binding.

For elution L-lysine was chosen because, as previously
stated, NaCl is not suitable to achieve good elution and
amino acids such as lysine and arginine showed a prefer-
able result [19, 28, 29, 38]. Using these amino acids has the
additional advantage of stabilizing eluted proteins [39, 40].
Eluting with salts such as NaCl and MgCl, (1 M) was not
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FIGURE 2 Chromatogram of GFP-(RH)4 (black) and

TEV-cleaved GFP-(RH)4 (grey) with 50 mM Tris pH 8.0 as running
buffer. TEV-cleaved GFP-(RH)4 eluted after roughly one column
volume indicating no binding to the silica stationary phase. The
intact GFP-(RH)4 eluted only after switching to the eluting buffer
(dashed black line) supplemented with 0.5 M L-lysine

possible and seems to be bothersome even at high concen-
trations (1-5 M) [15, 17, 41]. Lysine’s and arginine’s com-
petitive elution effects work at moderate concentrations
of around 0.5 M but were also reported to elute at lower
concentration (0.1 M) [20]. Concluding previous studies
on amino acids [22, 25], peptides [42], and protein inter-
actions with silica [14, 43], electrostatic interactions play
the main role in binding. In case of (RH)4 the four pos-
itively charged arginine groups in the tag interact with
the negatively charged silanol groups on the silica sur-
face. Although, silica showed to be a weak ion exchanger
[35], the resistance to salt elution in our study would sug-
gest otherwise. In classical ion exchange chromatography
NaCl gradients up to 400 mM trigger protein elution and
regeneration of columns is performed with 1 M NacCl [44].
Elution of the Arg-tag, consisting of five to six arginine
residues, was also shown to be possible with the clas-
sical setup [6, 45]. Considering the resistance of differ-
ent silica binding peptides to salt elution from bare sil-
ica, the binding mechanism does not seem to be a clas-
sical ion exchange, but rather ion pairing. This binding
mechanism was already suggested in a previous study
where binding of cationic peptides to silica showed no
change in the distribution of Na* ions in solution and
binding occurred even at low initial peptide concentration
thresholds. [42].

The (RH)4-tag with its eight amino acids is a short
peptide-tag capable of enhancing the thermostability of
fused proteins and due to its rational design allows binding
to multiple surfaces such as silica, magnetic nanoparticles
and immobilized metal ions in IMAC [26]. IMAC is still
one of the most used chromatographic techniques for pro-
tein purification [7, 46], making the (RH)4-tag an affinity
tag for two chromatographic systems.

in Life Sciences

Binding capacities of silica

Purification of a protein with a silica affinity tag was pre-
viously optimized for GFP regarding silica type, buffers,
and pH [20, 29, 41]. Therefore, Davisil 643 silica particles
were chosen and Tris buffer at pH 8.0. The silica particles
possess a narrow size distribution of 35-70 um enabling
homogenous packing in the column and promises good
chromatographic resolution. Since Davisil 643 is a porous
silica with a large specific surface area of 300 m?/g, pores of
15 nm diameter, and a pore volume of 1.15 cm?/g (given by
manufacturer), a high binding capacity for relatively small
proteins such as eGFP is expected and an important prop-
erty for chromatographic materials. It should be noted,
that for larger proteins such as antibodies a silica with
larger pores could be more suitable due to pore-diffusion
issues [47]. The equilibrium binding capacity (EBC, Fig-
ure 3A) and the dynamic binding capacity (DBC,,, Fig-
ure 3B) for GFP-(RH)4 on silica were determined in this
study. The resulting adsorption isotherm of EBC experi-
ments can be described by the Langmuir model with a
dissociation constant Kp = 0.02 g/L (0.7 uM) and maxi-
mum load qy,,x = 450 mg/g. The Ky, is in the same order of
magnitude as for our magnetic nanoparticles [26], and also
comparable to the equivalent small Car9 peptide [15]. The
maximum load is higher or in the same order of magnitude
as other protein loadings on silica [35, 48, 49].

In contrast to the EBC, which shows the maximum load
of a protein to a material, the dynamic binding capac-
ity (DBC,() takes the chromatographic process parameters
into account. Thus, the DBC,, yields the binding capac-
ity under operating conditions. The DBC;, for the 1.5 mL
column was performed at 1 mL/min and a protein concen-
tration of cp = 1 g/L. The dead volume of 1.6 mL was previ-
ously determined and includes the column and wires. With
the breakthrough curve (Figure 3B) the DBC,,, calculates
to ~3 mg/mL, and is comparable to other affinity tag sys-
tems [5, 15]. However, due to silica’s nature of high surface
area and lack of functionalizations, a higher capacity even
under operating conditions is expected. Improvements on
the binding capacity may be achieved by varying the pro-
cess parameters such as pH or ionic strength of the buffers.

33 |
lysate

Purification process from clarified

For the purification process the chromatographic column
was set to a CV of 1.5 mL and operated at 1 mL/min.
Five hundred microliter lysate were injected via a sample
loading loop. With these parameters, a purity of 90-93%
by HPLC and SDS-PAGE evaluation (see Figure 4) with
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FIGURE 3 (A)Equilibrium binding

capacity (EBC) at 50 mM Tris pH 8.0 and

1 g/Lssilica. Adsorption isotherm after
Langmuir model. (B) Breakthrough curve of
dynamic binding capacity (DBC,,) for 1 g/L
GFP-(RH)4 with 50 mM Tris pH 8.0 on silica
with at a flowrate of 1 mL/min (column
volume 1.5 mL)
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FIGURE 4 (A)SDS-PAGE of GFP-(RH)4 purification out of

lysate with lysate (1) and elution fraction (2). (B) SDS-PAGE of
TEV-protease digestion of GFP-(RH)4 with digested GFP-(RH)4 (1)
and an intact GFP-(RH)4 (2). Protein standard ladder (L) for
comparison in both gels

a recovery of about 94% has been achieved. The protein
purity is comparable to purities gained with other peptide
tags such as SB7 and Car9 [27, 29]. However, the recovery in
our system is higher compared to both systems with ~65%
and 75-90%, respectively. Loss of protein occurs due to tag
degradation and during the ultrafiltration process. Consid-
ering that GFP-(RH)4 is already overexpressed and abun-
dant (SDS-PAGE ~60%) in the lysate the selective binding
of (RH)4 enables a one-step purification of fusion proteins
out of lysates in a classical chromatographic workflow. Pre-
vious studies on silica binding tags either bound in static
systems or in very small scaled spin columns with 600 uL
working volume [15, 19, 20, 29]. In this study a fully work-

20 30 40

Volume, mL

ing chromatographic workflow was implemented, which
allows real time monitoring of the loading, washing, and
elution step. The degradation of the tag can be a result due
to its super exposed nature or problems in the sequence
which can lead to degradation by proteases [15, 50]. A
degradation of the tag (26 kDa eGFP, 29 kDa GFP-(RH)4)
could be possible and would explain the additional band
which can be seen in Figure 3A in the lysate (lane 2) and
the purified fraction (lane 3). This was confirmed by a TEV-
protease digestion of GFP-(RH)4 which was compared to
an untagged eGFP standard (Figure 4B). Subsequently,
EDTA and 5% glycerol were used, as additional additives
to support the protein’s stability [51]. Impurities in the pro-
cess are caused by non-specific binding of proteins [14, 29].
The main contaminant around 43 kDa most likely seems
to be an RNA-binding protein with natural high affinity to
silica [29, 52].

3.4 | Up-scaling and optimization of
process parameters

The potential of process-up-scaling was investigated.
Therefore, a XK16 column was prepared (GE Healthcare,
Germany) with a column volume of 75 mL. The column
was loaded with 50 mL lysate (with a eGFP concentration
of 2 g/L). The column, which was only partially loaded,
(indicated by a green color change of the stationary phase)
showed a purity of >80% after elution, also indicated by
multiple protein bands in the SDS-PAGE (Figure 5A, lane
2). An explanation for the reduced purity could be that
many binding sites were left open for other lysate pro-
teins to bind to silica, due to only partially loading the col-
umn. However, it was possible to up-scale the process (i.e.
for preparative capture steps), regarding polishing there is
potential for optimization. Theoretically, the specific bind-
ing of the (RH)4-tag should be stronger than unspecific
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FIGURE 6 SDS-PAGE of elution fractions from static buffer
FIGURE 5 (A)SDS-PAGE with lysate (1) and elution fraction experiments of 50 mM Tris (E-Tris: 1-3), MOPS (E-MOPS: 4-6), and

(2) of XK16 column with a column volume of 75 mL. The column
was loaded with 50 mL lysate. (B) SDS-PAGE analysis of elution
fractions from different columns and injection volumes. A 1 mL
column with injections of 50 uL (1) and 500 uL (2) and a 2 mL
column with injections of 50 uL (3) and 500 uL (4) of 2 g/L
GFP-(RH)4. Protein standard ladder (L) for comparison in both gels

binding of other proteins. Therefore, different volumes (50
and 500 uL) of the same lysate were loaded on a small
column with a column volume of 1 mL (SC) and a big-
ger column (BC) with a volume of 2 mL. The size of the
column and the amount of protein loaded consequently
impacted the purity. For the small column with a CV of
1 mL even 50 uL of the lysate were enough to have to
achieve a purity >95% (Figure 5B, lane 14+2). The BC with a
CV of 2 mL showed a purity of roughly 92% when injecting
500 uL lysate (Figure 5B, lane 3). The BC showed a purity
over 95% upon overloading with the lysate (Figure 5B, lane
4) indicating that the competitive effect of the (RH)4-tag
enhances purity. The competitive effect of the target pro-
tein could not occur on the XK16 column; thus, resulting
in a lower purity indicating the importance of the equi-
librium on the column. These results show the limitation
and application potential of the chromatographic method
and also the silica-peptide system itself: Overloading the
silica, to get high purities, lead to loss in protein recovery;
high protein recovery leads to decrease in purity. However,
the loss in protein recovery for high purity can be mini-
mized due to real-time measurement of eGFP at 488 nm.
For other proteins this is more challenging as they do not
have a unique absorption wavelength and the amount of
lysate for loading must be calculated.

3.5 | Influence of the buffer system on
the process

As previously shown, the buffer can greatly influence the
interaction of biomolecules with silica [25]. Until now,

phosphate (E-Phos: 7-9) at pH 8.0. Lysate in respective buffers for
illustration (10-12). Protein standard ladder (L) for comparison

studies on silica affine peptide tags used mainly Tris buffer
for the binding and purification process. However, due to
the binding mechanism other buffer system should work
as well. Consequently, the influence of different buffer sys-
tems on the purification system was investigated. Three
buffers were chosen which can buffer in the region of pH
8.0: Tris (bearing a positive charge), phosphate (PB, bear-
ing a negative charge), and MOPS (bearing a positive and
a negative charge). Figure 6 suggests that the GFP-(RH)4
purity is not influenced by the buffer species and therefore
buffer charge. Purities >90% were achieved for every buffer
in the static system (Figure 6).

In classic ion exchange the buffer system impacts the
process due to electrostatic interactions between charged
buffer species and stationary phase [53]. However, buffer
charge seems not to significantly influence our process,
providing further evidence for the binding mechanism not
being ion exchange but a more affinity like ion pairing
mechanism which allows the (RH)4-tag system to be used
with a variety of buffer systems.

4 | CONCLUDING REMARKS

Chromatographic processes remain the most important
unit operation for achieving high purities in protein purifi-
cation. For this purpose, Underivatized silica in combina-
tion with the (RH)4-tag is a promising method. A con-
ventional chromatographic process for the purification
of GFP-(RH)4 was implemented, with resulting purities
of >90% and a recovery of >94%. The process can be easily
up-scaled, considering that the column needs to be loaded
completely with the protein of interest. The enhancing
effect of overloading the column and improving the purity
of the protein of interest to >95% could be shown. Our
system proved to be independent from the buffer species,
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leading to a more flexible use of this method. This pro-
cess is immensely versatile, in that it can be both up- and
downscaled for industrial or laboratory use; respectively
enabling a widespread use for high-purity (RH)4 tagged
proteins among a wide range of buffer systems. The most
promising application of this system would be as capture
or polishing step in combination with another chromato-
graphic system such as IMAC or ion exchange chromatog-
raphy, which both are frequently used in protein chro-
matography. We are currently investigating the up-scaling
and the transferability of the (RH)4 tag system to other
proteins and enzymes, which are not as overexpressed and
abundant in the lysate as eGFP, for purification and immo-
bilization.
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3.4 DNA binding to the silica: Cooperative adsorption in action

The adsorption and desorption of nucleic acids to a solid surface is ubiquitous in various
research areas since we know how nucleic acids are built and how to modify them. Therefore,
the separation of nucleic acids gains more and more importance. Today commercial purification
kits exist for easy and fast nucleic acid purification through solid-phase extraction techniques,
where silica is usually used as adsorbate. Despite the widespread use, it is still not well
understood how the negatively charged deoxyribonucleic acid (DNA) adsorbs to the negatively
charged silica surface in an aqueous solution. In this study, the influence of different salt on the
interaction of salmon DNA is investigated. The focus lies on how the salts mediated DNA
binding as binding agents. The work presents data on the cooperative Langmuir adsorption
model from molecular dynamics simulation and results from bulk-depletion experiments with

different salts and amino acids.

The cooperative Langmuir model was able to capture the DNA binding to silica and identified
the salts as binding agents. Only positively charged salts and amino acids can mediate the DNA
adsorption on the negatively charged silica surface, forming a complex. Bulk-depletion
experiments also revealed higher amounts of DNA bound to silica when ions with a higher
oxidation state are present. Therefore, magnesium ions lead to higher amounts of bound DNA

than potassium, sodium, or arginine.

The substantial contribution of the doctoral candidate was the conception and the design of the
experimental part of the study after critical reviewing existing literature. The doctoral candidate
was one of the two leading equal authors and carried out all experimental works and the data

analysis and processing of all experimental data and discussing the simulative data.
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ABSTRACT: The adsorption and desorption of nucleic acid to a solid
surface is ubiquitous in various research areas like pharmaceutics,
nanotechnology, molecular biology, and molecular electronics. In spite
of this widespread importance, it is still not well understood how the
negatively charged deoxyribonucleic acid (DNA) binds to the
negatively charged silica surface in an aqueous solution. In this article,
we study the adsorption of DNA to the silica surface using both
modeling and experiments and shed light on the complicated binding
(DNA to silica) process. The binding agent mediated DNA adsorption
was elegantly captured by cooperative Langmuir model. Bulk-depletion
experiments were performed to conclude the necessity of a positively
charged binding agent for efficient DNA binding, which complements
the findings from the model. A profound understanding of DNA
binding will help to tune various processes for efficient nucleic acid

£
£

extraction and purification. However, this work goes beyond the DNA binding and can shed light on other binding agent mediated
surface—surface, surface—molecule, molecule—molecule interaction.

I. INTRODUCTION

The adsorption of deoxyribonucleic acid (DNA), the carrier of
genetic information, to a solid surface is of immense interest in
pharmaceutics, nanotechnology, medicine, and recently in
organic electronics.' ™ Especially, in the last years, the
purification of plasmids gained increasing scientific attention.’
The extraction, separation, and purification of DNA, which
nowadays is mostly done by solid-phase extraction (SPE),
relies on its adsorption capacity, where silica is primarily used
as an adsorbent medium.®™” Silica is an abundant, low cost
material that can be easily functionalized for purification
processes and represents one of the standard materials for
filtration, SPE and column chromatography.g’10’11 Multiple
approaches exist to investigate the interaction of silica with
biomolecules and understand the complexity of silica surface
chemistry.'”~'* The question, which arises, is how can DNA
be extracted with silica-based materials? Silica and DNA are
both negatively charged over a wide pH range. DNA possesses
a negatively charged” phosphate backbone, while silica’s point
of zero charge (PZC) lies in a range of pH 2-3."% At neutral
pH, silica possesses16 around one negative charge per nm?
Hence, DNA should not bind to silica due to electrostatic
repulsion.

A variety of techniques”'” have been devised in the past to
make the DNA binding possible to the silica and even a
standard procedure for DNA purification has been established.
One of the possible ways in this direction is to alter the
negative charge of the silica surface by controlling the pH."

© 2021 The Authors. Published by
American Chemical Society
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Geng et al."® used an electrical switch to lower the solution pH
facilitating the DNA binding to silica. The silica surface can
also be functionalized with different groups to make the silica
surface positive to allow DNA binding,'”'*~*' Forming layers
of positive ions also enhances the DNA—silica interaction™ >
on the silica surface by building a salt bridge between the silica
surface and the DNA backbone.”*”° In another approach, the
DNA-—silica interaction is enhanced by using a high
concentration of chaotropic salt””*" in the solution which
has the disadvantage of changing the DNA native structure.
The usage of other molecular species in the solution together
with DNA to tune the DNA-—silica interaction has been
recently reported in various experiments. Zhai et al.>’ studied
the adsorption of environmental DNA on mica in the presence
of a protein using atomic force microscopy. Vandeventer et
al.*” studied the adsorption and elution of DNA from the silica
surface, in the presence of an amino acid (AA) buffer. During
this experiment, a significant dependence of different AAs on
the DNA-silica binding was observed. Both Zhai* and
Vandeventer et al.*® hypothesized the formation of a DNA—
AA complex, which shows higher interaction to silica than
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DNA itself. No theoretical understanding of these AA (@) (b)

mediated interactions was accomplished. However, theoretical e e ® ) X
investigation exploring only DNA—silica interaction has been ® © ® X W ¢KX
done in the past. Shi et al.”" developed a silica model to study X ®

the interaction of both single-strand DNA (ssDNA) and X ©) X @@ X UX))((
double-strand DNA (dsDNA). They calculated the binding W °P

free energy and explored different binding modes of ssDNA @'U;,))((

and dsDNA to silica. Furthermore, no stable binding modes for . o ) ) )
the dsDNA were found. Figure 1. (a) Schematic diagram showing the cooperative Langmuir

model. The adsorptive DNA (D) and the binding agents (X) bind
and unbind to the silica adsorption sites, shown in black parabolas.
(b) The parameters in the cooperative adsorption model are shown

Although there were numerous experiments conducted in
the past studying the DNA binding to silica, there is no

modeling work attempting to understand the binding agent schematically.
mediated DNA adsorption. It is worth mentioning that there
have been numerous modeling attempts'***~>° to understand
other small molecule adsorption to various carbon and silica
surfaces. The original version of the Langmuir model purification of DNA,””** plasmids,” gene therapy,”™*' and
(noncooperative) has been extensively used'”*>*° in the past sensor chips.”” Furthermore, our approach can improve the
to understand a variety of adsorption processes. However, the understanding of other binding agent mediated surface—
simple noncooperative Langmuir model, which does not surface, surface—molecule, molecule—molecule interactions.
consider the interaction between the adsorbates, fails when
the adsorption is cooperative in nature.'” In this paper, we Il. RESULTS AND DISCUSSIONS
employ the cooperative Langmuir model to understand the IlLA. DNA Binding to the Silica: One Binding Agent.
DNA binding in different aqueous environments. The I.A.1. Modeling: The Cooperative Langmuir Model with One
influence of different metal ions and amino acids (binding Binding Agent. DNA can not bind to the silica on its own
agents) on the interaction was investigated with static bulk because of the electrostatic repulsion of its negatively charged
depletion experiments to understand the equilibrium binding backbone with the negatively charged silica surface. Therefore,
capacity and affinity of DNA to silica surfaces. We found that simple noncooperative Langmuir model cannot explain DNA
DNA binds well to silica in the presence of metal ions and the binding. Hence, we propose the cooperative Langmuir model
positively charged amino acid arginine (R), while no binding to understand the DNA binding to silica described as follows.
was observed in deionized water or the noncharged reference Assuming the binding affinities of the DNA and the binding
amino acid glycine (G). DNA binding was also measured in agent to silica are Kp and Ky respectively. The interaction
the presence of two binding agents, where no significant energy between the two DNAs is Upp, between two binding
change in binding was observed. The DNA binding both in the agents is Uyy, between a binding agent and a DNA Upy. I is
presence of one and two binding agents was satisfactorily the total number of available silica binding sites as shown as
understood using the cooperative Langmuir model. black parabola in Figure 1(a). Each binding site can hold a
We hope this work will significantly impact molecular maximum of two adsorbates. The energetic parameters of the
biology, especially where nucleic acid extraction is one of the cooperative Langmuir model is shown schematically in Figure
more essential processes. Our work, which provides a profound 1 (b).
understanding of the binding agent mediated DNA binding, In equilibrium, the average number of DNA bound to silica
will also be of great interest in the field of high purity (Npna) per unit binding site (Fpy,) is given by'?
Nopy > /T = Fyp = 2K 0 + 205KEe P 4 20, K 0y Kye U
1+ 20pKp, + O2Kpe PP 4 20,Ky + O3Kne P00 4 20 K0 Kye PPox (1)
Here, 6}, and 0y are the concentrations of DNA and binding
agent, respectively. For a complete derivation of the eq 1, see concentration ratio of the adsorbates ry = 0y/6}, and their ratio
our earlier work > and the Supporting Information therein. of the binding affinity rx = Kx/Kp. f = 1/kgT. Here ky is the
The eq 1 above can also be rewritten in terms of the Boltzmann constant and T is the temperature.
<Npna > /T = Fpa
2K 0, + 205KEe U0 4 20, Kpyrg0prKpe PP
1+ 20pKp, + 0pKpe " + 21,05 Ky, + 1300reKpe P + 20, Ky OpreKpe P )

Now, we try to understand the behavior of the DNA binding adsorption affinity of the binding agent with respect to the

fraction (Fpya) as we tune different parameters of the eq 2 DNA adsorption affinity). We compute Fpy, as a function of
above. Since it was previously hypothesized® in the literature Upx and ry for different values of the Upp (interaction energy
that the binding of the DNA with the binding agent initiates between two DNA’s) and Uy (interaction energy between
the DNA adsorption to silica, we first check how the Fpy, two binding agents).
depends on the parameter Upy (interaction energy between As evident from the Figure 2 above, for the DNA to bind to
DNA and the binding agent) and the r¢ (the ratio of the silica, the following conditions need to be satisfied:

5903 https://doi.org/10.1021/acs.langmuir.1c00381
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Figure 2. Binding fraction of the DNA (Fpy,) as a function of Upy (interaction energy between DNA and the binding agent) and the ry (the ratio
of adsorption affinity of the binding agent with respect to the DNA adsorption affinity) as calculated using the cooperative Langmuir model (see eq
2). Interaction between two DNAs (Upp) and interaction between the binding agents (Uyy) are also varied. The temperature (T) was assumed to
be at 300 K and the concentration ratio of the binding agents to the DNA (ry) was fixed at S. The color scale used for all the subfigures is shown in

the inset.

1 The binding agents should have a high adsorption
affinity to the silica.

2 There has to be an attraction between the DNA and the
binding agents.

3 There should not be an attraction between two binding
agents.

Please note that we have ruled out the possibility of an
attraction between two bare DNAs (Upp, < 0) because of their
high negative charge. These three conditions above can be
physically understood as follows. Since DNA cannot bind to
silica on its own, the attraction between the binding agent and
DNA (condition 2) will ensure that the DNA sticks to the
binding agent whereas the complex (DNA-+binding agent)
binds to silica. The binding agents have to bind to silica for this
to happen (condition 1). However, if there is an attraction
between two binding agents, it is energetically more favorable
to form a complex between two binding agents, rather than a
DNA-binding agent complex (condition 3). This will decrease
the DNAs binding probability to the silica.

It is worth mentioning here that the ranges chosen for the
parameter sweep in this work were guided by our earlier

works'>*® where extensive unbiased and biased molecular
dynamics simulation (umbrella sampling simulation) were
done to evaluate the parameters. Here because of the
complexity of the system, we could not evaluate the exact
value of the parameters and therefore a parameter sweep was
attempted.

In all the calculations described above, we have fixed the
concentration ratio of the binding agents to the DNA (ry) as S.

5904

We now check the effect of this concentration ratio on the
DNA binding fraction (Fpy,) as shown in Figure 3 below.

Upp = Uxx = 0(kgT) and Upx = — 10(kgT)

rg=100
rg =250
rk=>500
rg=750
rg=1000

e

Figure 3. DNA binding fraction as a function of the concentration
ratio (ry) of the binding agents to the DNA for different values of (ry)
as calculated using the cooperative Langmuir model (see eq 2). We
have fixed the interaction between two DNA molecules (Upp) and
interaction between the binding agents (Uxx) at zero. Interaction
energy of —10 kT between the DNA and the binding agent (Upy)
was assumed.

As mentioned in the previous paragraph DNA cannot bind
to silica on its own, and needs a binding agent to form a
complex to bind to silica. If the concentration of the binding
agent is too low, the binding amount of DNA is also reduced.
As one increases the concentration of binding agents, DNA
binding also increases because of the formation of the complex
(DNA+binding agent). *>2% However, when there are many

https://doi.org/10.1021/acs.langmuir.1c00381
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more binding agents than the DNA, the complex (binding
agent + DNA) has to further compete with the free binding
agents. Since the complex will have low binding affinity
compared to the free binding agent, an increase of free binding
agents will reduce the chance of DNA binding to silica.
ILA.2. Experiment: DNA Binding to the Silica in the
Presence of One Binding Agent. To validate the findings of
the simulation, experiments were conducted where the amount
of DNA bound to silica in the presence of different binding
agents was measured. As shown in the Figure 4 below, the
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K* (400 mM)
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Figure 4. Amount of DNA bound to the silica for different solvation
conditions. For the bulk depletion experiments ddH,0, 400 mM KCl
in H,O (K*), 100 mM arginine (R), and 100 mM glycine (G) were
set to pH S. 150 uL of 0.2 g/L of the DNA solution were then added
to 250 p1g MagPrep. The standard deviations result from three parallel
experiments.

DNA does not bind to silica if deionized water (H,O) or 100
mM glycine (G) is used, whereas binding increases in the
presence of 400 mM potassium (K*) ions or 100 mM arginine
(R) in the solution. These results can be understood using the
three main conditions (for the efficient DNA binding)
concluded from the cooperative adsorption model (see Section
ILA.1). While DNA is negatively charged, K* ions and R
(binding agent) are positively charged. K* and R both bind to
silica,'* furthermore, show an attraction to DNA.** Due to the
charge screening of negative loadings and the resulting salt
bridging of positive charged ions with the silica surface, DNA
binds to silica surface.””*® The glycine (G), due to its
zwitterionic state binds only weakly to silica and the DNA and
therefore, the adsorption of DNA to silica is relatively low.
This indicates that the G has, in comparison, only a minor role
in DNA binding. In the case of H,O, none of the above
conditions (see Section IL.AI) are satisfied, resulting in no
DNA adsorption.

Next, the DNA binding as a function of the concentration of
the binding agents (K*/R) was measured (Figure 5). As found
in our modeling described in the previous section (see Figure
3), the amount of bound DNA increases with the
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Figure 5. Amount of DNA bound to silica as a function of the
concentration of the binding agents. For the bulk depletion
experiments KCl, NaCl, MgCl,, and arginine (R) were diluted in
ddH,O and set to pH 5. 150 uL of 0.2 g/L of the DNA solution were
then added to 250 yg MagPrep. The standard deviations result from
three parallel experiments.

concentration of the binding agents, as well as the valence of
the cations.”””**”** It is worth noting (Figure 5) that for a
very high (>1.5 M) salt concentration DNA binding slightly
decreases, which was also well captured (see Figure 3) in our
model.

So far, we have not discussed the effect of DNA length in
our calculation. However, the information on the DNA length
is encoded in the total number of binding sites I' (see eqs 1
and 2). The longer DNA will certainly occupy more space on
the silica than the shorter DNA. Therefore, for a given total
surface area of the silica, there will be a higher number of
binding sites (I") available for the shorter DNA than the longer
ones. Since, we always report the number of DNA bound to
silica per unit binding sites (Fpy,) (see egs 1 and 2), all the
theoretical predictions are independent of the actual value of I.
We want to emphasize that the DNA used in all experiments
does not have a specific size but ranges from 0.2 to 2 kbp.
Hence, the DNA adsorption is independent of the DNA
molecule’s length.

I.LB. DNA Binding to Silica: Two Binding Agents.
I.B.1. The Cooperative Langmuir Model with Two Binding
Agents. As already showed above the usage of a binding agent
is necessary to bind DNA to silica. In the following section, we
ask how the binding of the DNA changes in the presence of
two binding agents. In this case, we assume that the DNA takes
part in the cooperative adsorption separately with the two
binding agents. If, Fpyy, is the binding fraction of the DNA
which took part in cooperative adsorption with the binding
agents X1 and Fpyy, is the corresponding fraction in case of
the binding agent X2. The total binding fraction is given by'”

Fpna = 1/2(Fpnar + Fonaz) (3)

Where Fpya, and Fpyy, are given by,

F DNAI
_ 2K, + 205Kpe U0 4 20 Ky Oy Kpe U0
1+ 20,K, + 02Kz U0 4+ 20,1, 0pr Ky + ro0prE Kie P50 4 20, Ky OprcKpe P 0Pxt (4)
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Fonas
_ 2Kp0p, + 205Kpe PP + 20, Ky, Opric Kpe P00
1+ 20K, + G’;Kf)e_ﬂ Up 4 20p19,0pr:Kp + rgzzﬂlngZQKIz)e_ﬂ Uz 4 29DKDr929DrK2KDe_ﬁ Upxa (5)

Here Ky, and Ky, are the binding affinity (to the silica) of
the binding agent X1 and X2 respectively. Oy, and Oy, are the
concentration of the binding agents. ri;= Ky;/Kp and rg,=
Ky,/Kp. rg; = Ox1/0x, and rg,= Ox,/0p. 19 = 191 + 15

Among the various parameters in eqs 4 and 5, we first
decided to tune the most significant ones (see Sections ILA.1
and ILA.IT) and check their effect on DNA binding as shown in
Figure 6. The results presented in Figure 6(a) can be
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Figure 6. (a) The fraction of DNA bound (Fpy,) to silica as we vary
the interaction of the DNA to the binding agents (Upy;) and (Upyy).
The rg; and ry, were fixed at 100. The Upp, Ux;x;, Uxoxo were kept at
zero. (b) The DNA binding fraction as we tune the adsorption
efficiency (rg, and ry,) of the binding agents. Upy, and Upy, were
fixed at —10 (kgT). The Upp, Uxx;, Uxoxo Were kept at zero. The
calculations are performed using egs 3, 4, and S. The color scale used
for all the subfigures is shown in the inset.

understood physically as follows: if there are more than one
type of binding agents present, both of the binding agents
should be attractive toward DNA to achieve maximum DNA
binding, provided the binding agents both favor silica. If one of
the binding agents forms a complex with DNA while the other
one does not, then the complex (DNA+one of the binding
agents) has to compete with the free binding agent. As a result,

the DNA binding will be hindered. In the end, we also check
how the DNA binding fraction (Figure 6(b)) depends on the
binding affinity of the individual binding agents. If both
binding agents like DNA, both binding agents should have
high adsorption affinity (compared to DNA) to silica, to
maximize DNA binding. If the binding agent favors DNA, it
forms a complex with it. However, the complex cannot further
bind to silica if the binding agent does not have a high
adsorption affinity (to silica). A quick comparison of Figures 2
and 6 reveals that in the best parameter regime (for maximum
DNA binding), DNA binding efficiency remains unaltered in
the presence of one and two types of binding agents.

II.B.2. Experiment: DNA Binding to Silica in the Presence
of Two Binding Agents. Again, to validate the results from the
simulation the amount of DNA binding to silica was measured,
this time in the presence of two binding agents, R and K. For a
particular amount of R (100 mM) in the solution, we change
the amount of K" ions (0, 200, 400 mM) and measure the
binding of DNA. We also kept the K* concentration at 400
mM and increased the R concentration to 500 mM. The
binding of DNA remained unaffected for all changes, as shown
in Figure 7 below. This behavior can be explained from our
cooperative model, which infers that the presence of two
binding agents does not increase the efficiency of DNA
binding. However, the addition of K" ions to the G results in
the DNA binding to the silica again, comparable to the
conditions when only K* is in solution (Figure 4), simply
because K* ions act as binding agents again.”” This effect of K*
ions on the binding behavior of DNA in the presence of
glycine further verifies the cooperative model.

Ill. CONCLUSIONS

To conclude, in this contribution we have provided a profound
understanding of adsorption of the negatively charged
macromolecule DNA to the negatively charged surface silica
using both modeling and experiments. DNA binding to silica is
facilitated by a binding agent, which was nicely captured in the
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Figure 7. Amount of bound DNA to silica in the presence of both R and different amounts of K* ions. The case where the solution contains only
400 mM K* ions (without R), a higher R concentration (500 mM) and G with 400 mM K" ions are also shown for comparison. For the bulk
depletion experiments, KCl (K*) and arginine (R/G) were diluted in ddH,O and set to pH S. 150 uL of 0.2 g/L of the DNA solution were then
added to 250 pug MagPrep. The standard deviations result from three parallel experiments.
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cooperative adsorption model. In order to validate the findings
of the models, bulk-depletion experiments were performed and
the DNA binding was measured for different chemical
environments. We found that a positively charged binding
agent (which forms a complex with DNA) needs to be present,
for the DNA adsorption to occur, which aligned with the
findings of the models. Although only one binding agent is
necessary for the DNA binding, the usage of multiple binding
agents increases the DNA binding efficiency. The under-
standing of DNA binding will significantly impact high purity
purification of DNA, plasmids, gene therapy, and sensor chips
where nucleic acid adsorption—desorption is an extremely
important process. Furthermore, our work goes beyond the
DNA binding and can shed light on any other binding agent
mediated surface—surface, surface-molecule, molecule—mole-
cule binding.

B MATERIALS AND METHODS

Experimental Details. Reagents. L-arginine (Cellpure >98%)
was purchased from Carl Roth, Germany. L-glycine (analytical grade
>98%) was purchased from SERVA, Germany. Sodium chloride and
magnesium chloride hexahydrate were purchased from Carl Roth,
Germany. Potassium chloride was purchased from Sigma-Aldrich,
Germany. The MagPrep silica particles used in the experimental part
were purchased from Sigma-Aldrich, Germany. For binding experi-
ments, we used Invitrogen UltraPure salmon sperm DNA (double
stranded DNA sheared to <2 kb).

Binding Experiments. All amino acid and salt test solutions (TS)
were prepared in their respective concentration in deionized water
and adjusted to pH 5 with HCL. For the binding experiment, 250 ug
of MapPrep silica particles were added in an Eppendorf tube and
washed with 150 pL of TS. The DNA was diluted in TS to 0.2 g/L
and 150 pL were added to the tubes and were incubated for 2 h at
room temperature with linear agitation at 1000 rpm using the
Thermomixer comfort from Eppendorf. The particles were then
removed from the solution magnetically, and the concentration of
DNA in the supernatant was determined spectrophotometrically at
260 nm with an Infinite M200 Microplate Reader (Tecan Deutsch-
land, Germany).
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Discussion

4 Discussion

The focus of this work lies on the adsorption of biomolecules to bare silica. However, studying
the interactions between silica and biomolecules raises an important question: What kind of
interactions are possible on the silica surface leading to adsorption? To answer this question,
the surface of silica must be studied first. As displayed in Figure 1.3, the silica surface consists
of two surface-active sites: siloxane links and silanol groups. Siloxanes links have a
hydrophobic character and can interact with non-polar or hydrophobic molecules. On the other
hand, silanol groups are responsible for the hydrophilic character of silica, enabling interactions
with polar groups or molecules by hydrogen bonds. Therefore, silica adsorbs water from the
environment, and in the aqueous solution, silanol groups deprotonate depending on the pH,
making silica a weak cation-exchanger. The negatively charged silanol surface groups can
undergo electrostatic interactions. Therefore, the final question is: Which of these interactions
are dominant and responsible for the adsorption of biomolecules to silica? This work focuses
on proteins and DNA, whose surface interactions at the solid-liquid interface play an important
role in various research fields. DNA is a polynucleotide consisting of a nucleobase, a sugar, and
a phosphate group. Proteins are large polypeptides, which form from condensation between

amino acids.

In order to design a suitable binding tag for silica and learn about biomolecule interactions on
the silica surface, all 20 amino acids need to be investigated for their affinity towards the
surface. Until now, no comparative experimental studies have covered all 20 amino acids. Most
studies focus either on individual or selected amino acids. The most comprehensive studies are
the works of Basiuk and Gromovoy, where they investigated 17 and 18 amino acids,
respectively, using chromatographic retention in a neutral aqueous solution.'%!:1%2
Unfortunately, they did not cover arginine and lysine in their studies, which are expected to
show interaction with silica and thus retention. All other amino acids showed no significant
retention except proline, which also showed only weak adsorption towards silica. At the
beginning of this work, a HPLC method to screen the amino acid interaction with silica had to
be implemented. The goal was to ensure a stable method to investigate the interaction under
different conditions. Different buffers, buffer concentrations, and amino acid concentrations
were investigated because detection is another problem to face when working with amino acids.
Except for aromatic amino acids, analyzing amino acids by HPLC usually involves pre-column

derivatization with easy to detect substances such as o-phthalaldehyde, phenyl isothiocyanate,

fluorescamine, or dansyl chloride.??*?” The problem with these substances is that the
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derivatizing reagents react with the amino groups of amino acids, which were expected to be a
vital part of the adsorption process.??® UV detection between 200 and 230 nm proved viable for
low buffer concentrations of 10 to 50 mM to detect amino acid concentrations between 1 and
50 mM. Buffers were used mainly for two reasons. The first one is that the buffer is an important
tool in biological systems to hold the pH at a stable point. Additionally, the silica surface charge
quickly changes with pH. The second reason for using a buffer is to ensure mild eluting
conditions for the zonal elution principle.!*® Otherwise, when using only water as the mobile
phase, the interactions are too strong, and only binding or no binding can be detected instead of
an affinity scale. Therefore, different buffers were investigated for background noise and

binding influence.

The influence on the binding and the affinity scale are discussed in Section 3.1. As shown in
Figure 1 of Section 3.1, the experimental and simulative results pointed out what would be
expected. Most amino acids exhibit a Henry coefficient around 0 at neutral pH, and therefore,
no retention and interactions. This simple observation can be explained by the zwitterionic state
of most amino acids around neutral pH, as displayed in Figure 4.1. Additionally, the hydrated
silica surface exhibits none to only a few siloxane links on the surface, rendering hydrophobic
and non-polar interactions obsolete.!® Interestingly, the negatively charged glutamic and
aspartic acid eluted even earlier than the non-binding tracer uracil. This effect is probably due
to electrostatic repulsion between the opposing silica surface and the negatively charged amino
acids, which was not reported before in literature. Due to the repulsion, the column volume for
the negatively charged amino acids is reduced and thus results in faster runtimes through the
column. Chromatography can make this effect visible due to the dynamic setup. In contrast,

only binding or no binding can be observed in static setups.

While all three basic amino acids, histidine, lysine, and arginine, interact with silica, there is a
significant difference in binding strength. Histidine exhibits only weak interactions and is in
line with the findings of Vlasova and Golovkova.”® Adsorption on silica starts around pH 5, and
thus, the pH region of cationic histidine and dissociated silanol groups barely overlap. At
pH > 7, histidine is mainly in its zwitterionic state, as displayed in Figure 4.1. Lysine and
arginine are both in their cationic state and thus able to bind to silica. However, arginine binds
more strongly to silica than lysine, presumably due to the side group properties. The
guanidinium side group of arginine has three asymmetrical nitrogen atoms allowing for

interactions in three possible directions. In contrast, the amino group of lysine only allows for
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one direction of the interaction. Thus, arginine can form more electrostatic interactions with the

silica surface resulting in a stronger interaction.
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Figure 4.1: Acid—base characteristics of the 20 amino acids over the pH. Positively charged states are illustrated
in black, while zwitterionic amino acids are displayed as gray (transition from black to white), and negatively

charged states are illustrated in white.

Another possible explanation would be that arginine can penetrate the hydrate shell of silica

more efficiently and thus make initial contact with the silica surface more easily than lysine.!!

The results displayed in Section 3.1 point out the electrostatic interaction dominance. These
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interactions are also described as ‘villains’ by RP-HPLC users, as the free silanol groups on the
surface of the silica backbone influence the chromatographic separation leading to peak tailing

and brand broadening of basic compounds and biopolymers.?*

Therefore, the buffer effects due to the charge of the buffer molecules need to be considered.?*!
In the case of TRIS, the buffer molecule can either have a positive charge or no charge with a
pKa ~ 8.1. MOPS buffer molecules have either a zwitterionic or negative net charge with a
pKa ~ 7.2. There are essentially two modes playing a critical role. As shown in Figure 2 of
Section 3.1 either the positively charged TRIS moiety or the neutral MOPS can interact with
silica, competing with the amino acids. Alternatively, the negatively charged MOPS interacts
with the positively charged amino acid directly, which could negate the interaction with silica
due to charge balancing. For the TRIS buffer, only the competing effect is critical. As a result,
the interaction strength of lysine and arginine increases with increasing pH due to a higher
negative charge density on the silica surface, as displayed in Figure 3 of Section 3.1. However,
the situation is different for MOPS, as moderate attraction between the amino acids and the
negatively charged MOPS molecules leads to cooperate adsorption (see Figure 4b of
Section 3.1) of the complex filling up binding sites. Increasing pH increases the number of
complexes, leading to reduced binding capacity up to the point where the negatively charged
MOPS molecules outnumber the amino acids molecules. Afterward, the increasing surface
charge density leads to higher capacity, resulting in the ‘wave’ form looking dependence of

adsorption from the pH as displayed in Figure 5 of Section 3.1.

After identifying lysine and arginine as silica binders, the next step was to investigate the nature
of the interaction. For that purpose, alanine, one of the simplest amino acids, and arginine, the
strongest binder, were investigated in depth in Section 3.2. Both amino acids were capped
according to Figure S2 and Figure S3 in Section 7.1.2 to achieve different charged derivatives.
The work aimed to identify which functional groups of amino acids participate in the binding
process. The implemented investigative setup of Section 3.1 was used again and extended by
FMC measurements. The results in Section 3.2 regarding electrostatic interactions reflect the
findings of Section 3.1. Zwitterionic variants of alanine and arginine do not interact with silica.
The negatively charged alanine variant gets repulsed from the surface in the same matter as
glutamic and aspartic acid. Positively charged alanine variants with blocked carboxyl groups
can now interact with silica via the backbone amino group with the carboxyl group protruding
(see histograms from MD simulation in Figure 2 of Section 3.2). In the case of arginine, the

affinity scales with the net positive charge. However, there is a significant difference between
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arginine, which exhibits the backbone charges and the guanidine charges, and the backbone
capped arginine variant with only the guanidine group free. While both variants have a net
charge of +1, the backbone capped arginine variant shows stronger interaction than the standard
arginine (see Figure 3 of Section 3.2). As displayed in Figure 4 of Section 3.2, the guanidine
side chain is always near the surface for all adsorbing arginine variants.”® Concluding these
findings, electrostatic interactions through positively charged groups in the amino acids
dominated the adsorption, and additional positively charged groups in the side chain are needed
for adsorption. The important role of the additional charge in the side chain of amino acids has
also been described for other oxide materials such as MNPs.>*> However, the negatively
charged carboxyl group has a crucial influence on these interactions. An essential result of the
study comes from the FMC results, as they indicated that the electrostatic interaction is not
accompanied by ion exchange on the surface as expected. The FMC heat exchange profiles
indicated the nature of interaction being ion-pairing, which was theorized before but measured
for the first time.*** Ion-pairing describes the association between a positive and negative ion
through their electrostatic force of attraction.?** The ion-pairing occurs between the positively

charged guanidine group of arginine and the negatively charged, deprotonated siloxide (SiO°)

group.

Until now, the purification processes with silica binding tags have been performed in
equilibrated static systems and on some occasions with chromatographic-like elution. However,
none of the processes was tested as classic chromatographic workflow. Additionally, the
described peptide tags all derive from natural proteins and experimental optimization without
rational design ideas. Studying the interactions of amino acids with silica is essential for
designing or identifying a silica binding peptide tag. The information gained in Section 3.1
and 3.2 concluded that the tag needs to contain lysine or arginine, the amino backbone group
increases the binding strength while the carboxy backbone group decreases the binding
strength, and the affinity of arginine and lysine within a peptide chain is stronger than its free
variant. From literature, it is also known that proline can substantially influence the affinity of
a peptide.'””1** Furthermore, peptides only containing arginine residues exhibit weaker
interaction than peptides containing spacer amino acids between positively charged
residues.!**?3* Due to the preliminary work of Schwaminger, Blank-Shim, and coworkers on
biomolecule interaction with bare magnetic iron oxide nanoparticles (MNP),32235-237
Berensmeier et al. developed a new binding tag for MNPs: the octapeptide (RH)4.2342%° The
octapeptide with the sequence RHRHRHRH promised to be suitable as a silica binding tag. The

peptide contains four arginine residues with histidine as a spacer in between. Furthermore, the
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ability to bind to MNP and IMAC resin enables the tag to bind to multiple materials making it
a multipurpose tag, which enables tandem affinity purification with one instead of two specific

tags enabling the use of another tag as tandem tag.240-4!

After identifying the (RH)4-tag as a possible silica binder, the first goal was to demonstrate the
binding of the tag in a chromatographic setup. However, the first step of a chromatographic
process is selecting the stationary phase and the mobile phase buffer system. For stGFP Davisil
643, small silica particles (35-70 pum) with medium-sized pores (15 nm), achieves high
capacities and the same can be expected for eGFP.!'* For proteins with different sizes, other
particles with smaller or bigger pores can be advantageous.?*? As buffer system, 50 mM TRIS
pH 8.0 was chosen. 50 mM buffer salt is a common concentration for chromatographic
processes involving electrostatic interactions.'®%!8! The pH value was chosen because more
silanol groups will be deprotonated with higher pH, resulting in higher capacities, but not too
high to start dissolving the silica or denature proteins. Furthermore, the pH must be higher than
the respective IEP of the target protein. Otherwise, the protein will adsorb due to its positive

surface charge,!10:113:114.243
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Figure 4.2: Tllustration of the interaction of a C-terminal (RH)4-tag on silica in TRIS buffer. Positively charged
TRIS molecules and the positively charged arginine groups interact with negatively charged siloxide groups on
the surface of silica. Positively charged TRIS molecules are accompanied by chloride ions (Cl-, orange circles),
which are set free in solution upon adsorption. The wavy line symbolizes the host protein the tag is hanged on to.
Full lines illustrate stronger interactions, dotted lines illustrate weaker interactions.

The adsorption of the (RH)4-tag is illustrated in Figure 4.2. The TRIS buffer is present as non-
charged specie or positively charged specie, accompanied by a chloride ion. The positively
charged TRIS species can interact with the negatively charged siloxide groups on the surface

of silica, setting free the chloride ion upon adsorption. The (RH)4-tag can interact with the
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negatively charged silica surface due to the positive charges of the arginine side groups via ion-
pairing, displacing the TRIS buffer. The tag presumably rotates into a position, where all four
arginine groups face towards the silica surface due to electrostatic attraction. The interaction of
the last arginine in the tag facing the C-terminus presumably is a bit weaker than the interaction
of the other arginine groups. This can be assumed based on the finding in Section 3.2. Therein,
the mitigation of the interaction of arginine groups through the negatively charged carboxy

group has been shown, which likely also has an effect in a tag system.

The model protein eGFP was used to investigate if the tag mediated the protein adsorption or
unspecific binding leads to adsorption. Therefore, eGFP with and without (RH)4-tag was
injected on the column, and the elution was monitored. Figure 2 of Section 3.3 shows that eGFP
without the tag runs through the column without binding, while the tagged eGFP only elutes
after adding lysine-containing elution buffer. The need for lysine buffer reflects the findings
from Section 3.2, where ion-pairing was identified as the binding mechanism. Salts usually
used in ion-exchange chromatography do not lead to elution of silica-tag bound proteins, and
similar to affinity chromatography competitive reagents must be used to achieve
elution.'?>!1441%9 [ ysine and arginine were identified as suitable reagents; they are non-toxic and
can improve the stability of eluted proteins in solution.**2¢ The purities and recovery achieved
in Section 3.3 are comparable or higher to other silica-tag systems such as SB7 and Car9.!2%144
The study also revealed that most unspecific binding of lysate proteins could be displaced by
the (RH)4 fusion proteins. The reverse effect could be seen in the upscaling attempt where
unspecific binding of lysate proteins decreased the purity of GFP-(RH)4 in the eluted fractions

to around 80% due to most binding places on silica being free.

One of the most important performance parameters for chromatographic materials regarding
productivity and usability is the dynamic binding capacity (DBC), calculated via Equation 1 of
Section 3.3. The DBC describes the maximum load of target protein measured under realistic
experimental conditions.!®!¥! The DBC was determined at 3 mg mL"!, which is comparable to
other fusion protein systems and corresponds to a load of around 10 mg g'.> As a comparison,
the equilibrium binding capacity (EBC) was determined at 450 mg g!. The DBC is connected
to the EBC, but is influenced by the flow rate and dispersive factors such as mass transfer and
thus usually lower.!®%2*" A higher residence times can result in a higher DBC value, but also
leads to a prolonged process.!'®® The DBC is one of the cost-determining factors in preparative
chromatography. For low DBC, more material is needed for the purification step, and the

material is usually the expensive part of the chromatographic setup. Higher DBCs can be
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achieved for example by increasing the residence time through lowering the flow rate during
the loading phase. However, this change must be viewed in the context of productivity, as
longer runtimes can also lead to decreased productivity.2*® Another method for increasing the
DBC could be the screening of different buffer and silica systems. As shown in Section 3.1 the
buffer can have a huge influence on the interaction and thus also on the capacity. The role of
the silica particle and pore size was already discussed by other authors and can be a decisive
factor regarding capacity.'*’ And as already mentioned in Section 1.1 the manufacturing process
can have an influence on the surface silanol groups. So, it would also make sense to screen
different providers of silica particles. The selection of the right material gets crucial when
working with other proteins that are significantly different in size to GFP. While increasing the
capacity is one possibility to improve the productivity, process intensification is another. The
silica columns could be used in a continuous mode such as simulated moving bed, which would
also deal with the issue of overloading to achieve high purities. Lastly, silica as inexpensive
material could be used as single-use technology, eliminating the need for time consuming
cleaning protocols and validations and hence increase productivity by decreasing the total

process time.

Silica affinity purification promises a low-cost, easy-to-use setup for purification of (RH)4-
tagged proteins in one step. A 5 mL silica column requires 1.5 g Davisil 643, which costs
roughly 0.60 €. In comparison, a ready-to-use IMAC column with 5 mL costs around 120 €
(Macherey-Nagel Bioanalysis™ Protino™ Ni-NTA 5 mL FPLC™ Columns), which is 200x
the costs of the silica material. However, in IMAC DBCs of up to 60 mg ml™! can be achieved
at similar flow rate (1 ml min') and residence time (2 min) compared to the silica approach in
Section 3.3.2* This DBC is equivalent to 20x of the amount on the silica column, which still
makes the silica column 10x more efficient than the IMAC regarding pure material costs. This
calculation implies the IMAC column must be reused ten times at full capacity to match the
material costs of the silica column, which can be replaced after each run. However, there are
also other costs, which need to be considered for a thorough calculation. The most important
parameter is productivity, the produced amount protein per time interval. Additionally, the
individual process costs need to be determined properly because different buffers, especially
for the elution, are used. As an orientation point, the elution reagent for silica is lysine, which
costs around 85 € per 100 g (Carl Roth, 39665-12-8), and for IMAC, it is imidazole with costs
around 57 € per 100 g (Sigma, 288-32-4). For a proper calculation and comparison of the
process costs, some critical parameters are lacking, such as reusability count of the silica

column and optimized DBC of the silica column. Furthermore, the comparable DBC on IMAC
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for the same protein and such costs as stripping and reloading the IMAC material with metal
ions must be determined. The (RH)4-tag purification with bare silica is a promising technique
due to the easy process parameters leading to high purities and recoveries, which led to the

filing of a patent.?*

After successfully implementing the simulation model in Section 3.1 and 3.2, Section 3.4
discusses the cooperative adsorption Langmuir model for DNA adsorption onto silica in the
presence of different salts and amino acids. For DNA purification, solid-phase extraction is
generally used, where high concentrations of salts mediate the binding of DNA to silica.!6>7163
In a recent study Vandeventer et al. demonstrated DNA binding to silica in amino acid
buffers.!”® In the presence of positively charged amino acids DNA bound to silica. Also, in the
presence of polar neutral and negatively charged amino acids, DNA was found on the surface
of silica. However, as discussed in Section 3.4 and shown in Figure 4 of Section 3.4, DNA
seems not to bind in the presence of negatively charged amino acids, and only around 30% of
DNA can be found on the silica surface in the presence of glycine compared to arginine or
potassium. Comparing the results with the study of Vandeventer the results found therein can
be explained as follows. In the Vandeventer study each sample contained 400 mM of potassium
ions, which already enabled DNA adsorption. In the presence of neutral polar amino acids, the
interaction thus is mainly mediated by the potassium ions. In the case of negatively charged
amino acids, the DNA and amino acid both compete to interact with the potassium ions on the
silica surface, thus decreasing the amount of DNA able to bind to the silica surface. In the case
of positively charged amino acids, the concentration of positive ions in solution is increased;
thus, more DNA binds to silica. This effect is also shown in Figure 7 of Section 3.4. DNA only
binds to the surface of silica in the presence of positively charged binding agents via a cation-
bridge and depends on the concentration and valence of the cations.'®*"1> As displayed in
Figure 5 of Section 3.4, with higher concentration and higher valency more DNA binds to the
silica surface until a certain concentration (> 1.5 M) is reached, which caps the amount of bound
DNA independent from the valency.'®>!® Binding of DNA to silica in the presence of glycine
presumably can be attributed to the charge state of the amino acid. As can be seen in Figure 4.1,
at pH 5 the glycine (IEP 5.97) equilibrium is shifted towards the positive state, enabling glycine
to act as cation-bridge. Due to the interaction mainly being driven by cations, methods using a
silica surface functionalized with positively charged groups emerged for DNA
purification.'®®?>* Taken the results from Section 3.1 into account, hydrogen bonding and
hydrophobic interactions do not play a significant role for adsorption of amino acids at the silica

surface in aqueous buffers. Therefore, adsorption of DNA to silica in aqueous solutions
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presumably is also dominated by electrostatic interactions such as cation-bridges and less by
hydrogen bonding or hydrophobic interactions. Hydrophobic interactions are also unlikely due

to silica not exhibiting many siloxane links on the surface when being fully hydrated.!3!8
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5 Conclusion and Outlook

Silica gel is the most common material used in liquid chromatography. The main advantages
of silica regarding chromatographic processes are the high solvolytic and mechanical stability,
the porous structure, and high surface area. In addition, the silica surface is easily modified via
silanization, introducing different chemical groups to generate surfaces with desirable
physicochemical properties. Bare silica and its derivatives, predominantly hydrophobic or
hydrophilic functionalized, are usually used as an adsorbent in normal-phase (NPC), reversed-
phase (RPC), and hydrophilic interaction liquid chromatography (HILIC), a variant of NPC.
The main weakness of silica is the limited pH stability due to dissolution in alkaline solutions
(pH > 9) and the silanol groups on the surface, which are considered ‘villains’ in RP-HPLC,
especially for biomolecules and basic analytes due to interactions between positively charged
groups with the negatively charged silica surface leading to peak broadening and thus
inefficient separation. Understanding the interactions between the inorganic silica surface and

biomolecules thus will help to turn enemies into friends.

Using different experimental and simulative approaches, we identified the amino acids
interacting with the silica surface in neutral aqueous environments. For all 20 amino acids, the
affinity for silica was measured and combined with MD simulation. Adsorption is dominated
by the functional side group of the amino acids, and only additional positive charged groups in
lysine and arginine lead to strong interactions with silica, with the latter exhibiting the stronger
interaction. Zwitterionic and negatively charged amino acids cannot interact with silica mainly
due to charge balancing between the backbone amino and carboxyl group or charge repulsion,
respectively. The nature of the interaction is electrostatic interactions in the form of ion-pairing
between positively charged amino and guanidine groups and negatively charged siloxide groups
on the silica surface. Due to the electrostatic nature, the interaction is strongly influenced by
the solution’s buffer and salt ions. Furthermore, experiments with capped amino acids revealed
the mitigating effect of the backbone carboxyl group on the interaction strength. DNA
adsorption on silica through positively charged binding agents such as salt ions and amino acids

could be shown through the implemented cooperative Langmuir model.

Based on the amino acid interactions, the octapeptide (RH)4 was identified as a suitable binding
tag for silica, offering a low-cost and easy to handle purification process for recombinant
proteins with high purities and recoveries. However, for a thorough cost breakdown some

important parameters must still be determined after optimizing the process. Turning this old
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enemy into a friend opens new perspectives in biotechnological downstream processing with

the potential to replace some of the old methods still in use today.

Despite the remarkable advances, there are still unanswered questions regarding the
biomolecule-silica interaction. In Section 3.1, the two buffers, TRIS and MOPS, showed
different effects on the interaction of lysine and arginine to silica. It would be interesting in
future works to investigate the effect of other buffers used in biotechnological systems such as
the Good’s buffers or phosphate. The bicarbonate buffer system as the main buffer component
in the human blood would be worth investigating in a more medical context. It would also be
interesting to see if these effects occur on other inorganic surfaces such as MNPs or an exclusive
silica effect. In that sense, the flow microcalorimetry (FMC) studies of Section 3.2 could also
be applied onto other inorganic surfaces or a wider variety of biomolecules such as proteins and
nucleic acids to better understand biomolecule interactions with different surfaces. The final

goal would be to generate various solid binding peptide (SBPs) for different surfaces.

An initial step towards a silica SBP was made with our proof-of-concept in Section 3.3. The
goal here for the future would be to transfer this process to other proteins, especially enzymes
and antibodies. When transferring the process to other proteins, the silica particles might need
to be changed depending on the size of the respective proteins. Therefore, silicas with different
particle and pore sizes need to be investigated regarding protein size to make the process as
efficient as possible. Despite the already working process, there is still room for optimization.
An investigation of different buffer systems on capacity and process control could further
improve the process understanding. One of the most important tasks for the process is the
increase in capacity, as capacity is strongly linked to productivity and thus the total cost of the
process. Besides screening different buffer systems, there are also other ways to increase
capacity such as the residence time of the protein on the column. Longer residence times can
increase capacities but are often accompanied by lower productivity. Different flow rates must
be tested with the respective capacities to ultimately find the best parameters for the highest
productivity. With these optimized parameters, the cost comparison with other
chromatographic methods is more realistic. However, for a realistic calculation, also the
reusability of the silica column for multiple separations is a critical factor to be determined. As
already discussed in Section 3.3, proteins bound to silica cannot be eluted with salt, enabling
the combination with ion-exchange chromatography (IEX), especially anion exchange
chromatography (AEX), for upscaling the process. AEX would complement the silica process

because the same buffers can be used for both processes while different separation mechanisms
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occur. In the silica column, the positively charged peptide tag is responsible for adsorption. In
AEX, the negative charge of the protein will lead to adsorption. There are two ways to run these
two columns. The eluate of the silica column with low salt concentration is loaded on the AEX
and eluted from there with salt. Alternatively, the other way around, the salty eluate from the
AEX is loaded on the silica column, where the salt does not lead to elution, followed by lysine
elution. The silica column can thus be used as a capture or polishing step. Another possibility
with this tag could be the design of a mixed mode stationary phase based on silica with
functionalized groups enabling anion-exchange. With this combination, proteins would adsorb
to silica through the (RH)4-tag, and at the same time, the main body of the protein, which bears
a negative net charge, adsorbs at the charged groups. Due to the high salt tolerance of the silica-
tag system, a combination with hydrophobic interaction chromatography (HIC), which needs

high salt concentration to work, could also be a promising attempt.

In Section 3.4, we shed light on DNA adsorption on silica in the presence of different salt and
amino acids. Transferring these results onto RNA and plasmids would further help optimize the
downstream process of nucleic acids, an essential resource in biotechnology and a promising
tool in medicine in the near future. Furthermore, it would be interesting to see other positively
charged molecules, as the commonly used salts, in DNA adsorption to silica. As shown in
Section 3.4 arginine is a good alternative, though limited by solubility. An interesting
comparison would be between magnesium and the capped, double positively charged arginine
from Section 3.2. The question here would be if only valency plays a role, or also other
parameters such as the size or the location of the charges plays a role, due to arginine having
its charges on two different groups while magnesium is a single ion. In this context peptides
would be interesting as binding agent. While being expensive to synthesize at the moment, with
ongoing research peptide synthesis will get cheaper in the future. Regarding the binding
mechanism it would be interesting and promising to apply FMC on these interactions. The FMC
profiles could potentially give a deeper insight into the nature of the interaction between silica
and DNA under different conditions. Consequently, the knowledge regarding the nature of
interaction could be further improved and in the next step optimized and applied for techniques
such as gene or drug delivery. Therefore, different buffer systems should be evaluated because
interactions at the aqueous silica interface show interesting behaviors towards different buffer

systems, as shown in Section 3.1.
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7  Appendix

7.1 Supporting Information

7.1.1 Buffer influence on the amino acid silica interaction

The following pages contain the Supporting Information for Section 3.1.
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Table S1. Minima of the PMF profile and the binding affinity of all 20 amino acids with the silica calculated

Supporting Information

using umbrella sampling simulation.

Amino Acid 1 letter

PMF Minima

Binding Affinity

Amino acid code (kJoule/mol) [Kcalc/C] (Arbitrary
Unit)
Glycine G -8.3 3
Alanine A -9.2 5
Valine V -12.5 18
Leucine L -14.0 21
Isoleucine I -14.3 34
Proline P -11.5 10
Methionine M -14.2 24
Cysteine C -9.7 5
Asparagine N -11.8 11
Glutamine Q -13.6 20
Aspartic acid D -9.2 0.8
Glutamic acid E -5.7 1
Serine S -9.9 5
Threonine T -9.8 6
Tyrosine Y -15.4 46
Phenylalanine F -13.6 19
Tryptophan W -15.4 43
Histidine H -13.0 20
Lysine K -18.6 153
Arginine R -23.3 745




PMF(k]J/mol)

-15}F TRIS (Positive) -
- TRIS (Neutral)

B MOPS (Neutral) T

20 MOPS (Negative)|

'Zﬁ i [ ] i L A L i ] A

6 0.8 1 1.2 1.4 1.6
Distance from Silica Surface(nm)

Figure S1. PMF profile of R and K and the buffer species.

Table S2. Minima of the PMF profile and the binding affinity of different buffer species. The numbers for
R and K are also quoted for comparison.

Molecular Species PMF minima (kJoule/mol) Binding Affinity (Kcqic/C)
(Arbitrary Unit)

TRIS (neutral) -13.0 16

TRIS (positive) -16.4 49

MOPS (neutral) -20.5 269

MOPS(Negative) -9.5 4

K -18.6 154

R -23.3 745

Table S3. Interaction energy between two molecular species for R.

Species 1 Species 2 Interaction Energy Interaction Energy with

( kd/mol)* respect to Arginine
dimer (kJ/mol)*

Arginine Arginine -10 0

Arginine MOPS(Negative) -30 -20

Arginine MOPS(Neutral) -13 -3

Arginine TRIS(Positive) -7 3

Arginine TRIS(Neutral) -7 3

MOPS(Negative) MOPS(Negative) -10 0

MOPS(Neutral) MOPS(Neutral) -13 -3

TRIS(Positive) TRIS(Positive) 1 11

TRIS(Neutral) TRIS(Neutral) -3 7

*interaction energies are reported at a separation of 8A between the species



Table S4. Interaction energy between two molecular species for K.

Species 1 Species 2 Interaction Energy Interaction Energy with
( kJ/mol)* respect to Lysine
dimer (kJ/mol)*

Lysine Lysine -8 0

Lysine MOPS(Negative) -20 -12

Lysine MOPS(Neutral) -12 -4

Lysine TRIS(Positive) -3 5

Lysine TRIS(Neutral) -5 5
MOPS(Negative) MOPS(Negative) -10 -2

MOPS(Neutral) MOPS(Neutral) -13 -5

TRIS(Positive) TRIS(Positive) 1 9

TRIS(Neutral) TRIS(Neutral) -3 5

*interaction energies are reported at a separation of 8A between the species

Derivation of Cooperative Langmuir Model

Let's assume there are two different adsorbate species A and B. The species are assumed to be in the ideal
gas phase unless these are adsorbed on the surface adsorption sites (shown as the black parabola in the
schematic in Fig. S2) of the adsorbent. Each adsorption site can accommodate a maximum of two molecules
where the adsorption phenomenon is governed by adsorbate-adsorbent interaction as well as adsorbate-
adsorbate interaction.

B@ B B@ @A

B B €.y B

Qy\_/\_/

Figure S2. Schematic diagram representing a cooperative adsorption model of two different species A and
B. The black semi circles are the adsorption sites, which can accommodate up to two molecules.

To formulate the statistical mechanics of this adsorption processes we first enumerate the different number of
microstates for a single adsorption site (see the schematic in Fig.S3) as follows:

Adsorption site is empty.

Occupied by one A molecules and an empty spot.
Occupied by two A molecules.

Occupied by one B molecules and an empty spot.
Occupied by two B molecules.

ok wbh=



6. Occupied by one A and one B molecules.

o\ N\

Figure S3. Different microstates for a single adsorption site (capable of holding two adsorbate molecules)
in the presence of two adsorbates A and B.

U, and Uy are the potential energy of the molecule A and B due to interaction with the adsorbent upon adsorption.
U,, is the interaction energy between two A molecules when both of these two are adsorbed on a single
adsorption site. Uy is the corresponding interaction energy for the B molecules and U, is the interaction energy
between A and B in case the adsorption site is occupied by one A and one B molecule respectively.

The grand canonical partition function for the single adsorption site is then given by

E =1+ ZAA_3Ve_ﬁUAeﬁ”A + ZAB_3V€_BUB€BHB + AA_6VZe_ﬁ(2UA+UAA)eZBHA + AB_6VZe_ﬁ(2UB+UBB)eZﬁMB
+ ZAA—3VZAB—3VZe—B(UA+UB+UAB)eBMAeﬁuB

(1)

A4 and Ay are the thermal de Broglie wavelength of the adsorbate molecule A and B respectively. V is the free
volume offered by half of the adsorption site. Here, the terms A,V and A,V come from the configurational part
of the partition function. u, and up are the chemical potential of the molecular A and B respectively. Here, g =
1/KgT. Kg is the Boltzmann constant and T is the temperature.

Now, if there are I independent adsorption sites, the total grand canonical partition function of the system is

g=¢r (2)
The expectation value of the number of adsorbed molecule A is then given by
<N, > (c’)log:’)
70w

3)

24, 73Ve FUaePrA 4 2/, V2 FRUAVAN e2B1A 4 2, 73V2 A, 3V2 e FUa+UB+UaB) oBRAPIE

1+ ZAA_3Ve—ﬁ’UAeﬂMA + 2AB_3Ve—BUBeBMB + AA_E'VZe—/?(ZUA+UAA)eZBHA + AB_svze_B(ZUB+UBB)eZBﬂB + ZAA_3V2AB_3V23—ﬂ(UA+UB+UAB)eBMAe/J’MB

Now, at equilibrium, the chemical potential of the molecular species A and B are related to their partial
pressure according to following thermodynamic condition



1 3 1 3
Ugqg = EZOQ(AA BPy); up = [—?109(/13 BPg) (4)

And the Langmuir Binding Constant for the molecular species A and B defined as
Ky = BVe-BUA); K, = BV e(-FUB) (5)
Using equations (4) and (5), equation (3) can be rewritten in the following form

2P, Ky + 2Ps2K,2ePUaa 4+ 2P, K, PgKpe PUas
1+ 2P,K, + P,*Kj2e~PUaa + 2PgKy + Pg*Kp®e~BUss + 2P K, Py Kze~BUas

<NA>=F

(6)

Similarly, we can write another equation for the expectation value of adsorbed molecule B. The equation (6)
above is written in terms of the partial pressure of the adsorbates. Alternatively, it can be rewritten in terms of
the equilibrium concentration of the adsorbates. If 8,and 85 are the concentration of the species A and B in
equilibrium then,

P, =CH, and P = C6, (7)
C is proportionality constant relating the pressure of an ideal gas with its concentration.
Now, let’s define scaled Langmuir constant as,
K, = CK, and Kz' = CKp (8)
The equation (6) can therefore be alternatively written as,

2K, 0, + 20,%K' > PUaa 4+ 20,K' 105K’ gePVas

<N,>/T=F, =
w>T=F=17 204K’ + 0,°K' ;2e~BUaa + 205K’ 5 + 05°K' 5% ~BUBB + 20,K' 05K’ ge~BUas

(9)

When there are no interactions between the molecules A and B, instead of invoking the cooperative adsorption
model, we employ the non-cooperative Langmuir Adsorption model as shown schematically in Figure S4 below.

Figure S4. Schematic diagram representing non-cooperative competitive Langmuir adsorption model of
two different species A and B. The black semi circles are the adsorption sites which can accommodate only
one molecule.



In that case, the expectation value for the number of adsorbed A molecules is

<NA>/F:FA:

Ka'04 (10)
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Figure SS. Histograms obtained from the US run with amino acid R and silica (left). The corresponding
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Figure S6: (a/b) Experimentally measured Henry coefficient of K/R as a function of pH in presence of
MOPS buffer. (c/d) Fraction of K/R bound to silica for different values of the interaction energy (Uy,)
between K/R and MOPS (Negative) as a function of pH as calculated using multiscale modelling. The
experimental Henry coefficient and calculated bounded fraction show qualitatively same behavior for
|Up1| > 7 kd/mol (or |Uyq| > 11 kdJ/mol ) for K (or R).

Experimental setup

Table S5. Concentration of the amino acids as prepared for the chromatography experiment.

Amino acid 1-letter code Concentration [mM]
Glycine G 50
Alanine A 50
Valine V 50
Leucine L 50
Isoleucine I 50
Proline P 25
Methionine M 5
Cysteine C 10
Asparagine N 5
Glutamine Q 10
Aspartic acid D 15
Glutamic acid E 25
Serine S 50
Threonine T 25
Tyrosine Y 1
Phenylalanine F 25
Tryptophan W 1
Histidine H 5
Lysine K 50
Arginine R 50

The chromatographic column was operated on an Agilent 1100 HPLC system with an UV/Vis detector. Amino
acids (AAs) were measured at 210 nm, aromatic AAs additionally at 280 nm. The flow rate was ~12 cm min™' for
every run and the injection volume for every AA was 20 puL. The Henry coefficient H was determined with H =
k> / @. Where k’ is the retention factor of the AA and ¢ is the phase ratio of the column. The retention factor is
calculated as k’ = (tr — to)/to. Here tr stands for the retention time of the AA and to for the retention time of a non-
interacting tracer in this case 1 g L' uracil. The phase ratio of the column is calculated with ¢ = (1-€")/ €'. Here &'



is the total porosity of the column calculated with the flow rate V=2 mL min™: &' = (to * V) / Vcolumn. The volume
of the column is 0.55 mL.

Table S6. Measured retention times and conversion in Henry coefficient for 18 amino acids in 10 mM TRIS
pH 8 on silica gel 60. The total porosity was 0.52 and the phase ratio of the column 0.93. Retention times
were measured at room temperature.

Retention time Retention factor k' | Henry coefficient

Analyte [min] [-] H[-]
gk o H o

Uracil 0.28 0.28 0.29 0.29
Glycine 0.29 0.29 0.29 0.29 0.00 0.00 0.01 0.00
Alanine 0.29 0.29 0.29 0.29 0.01 0.01 0.01 0.01
Valine 0.31 0.31 0.31 0.31 0.08 0.01 0.09 0.01
Leucine 0.32 0.32 0.32 0.32 0.11 0.00 0.12 0.00
Isoleucine 0.32 0.32 0.32 0.32 0.12 0.01 0.13 0.01
Methionine 0.31 0.31 0.31 0.31 0.08 0.00 0.09 0.00
Proline 0.37 0.37 0.37 0.37 0.29 0.01 0.31 0.01
Phenylalanine 0.31 0.31 0.31 0.31 0.09 0.00 0.10 0.00
Tryptophan 0.30 0.30 0.30 0.30 0.06 0.01 0.06 0.01
Threonine 0.28 0.28 0.28 0.28 0.01 0.00 0.01 0.00
Serine 0.28 0.28 0.28 0.28 0.03 0.00 0.03 0.00
Cysteine 0.26 0.26 0.26 0.26 0.08 0.01 0.09 0.01
Tyrosine 0.27 0.28 0.28 0.28 0.03 0.00 0.04 0.00
Asparagine 0.28 0.28 0.28 0.28 0.02 0.01 0.02 0.01
Glutamine 0.28 0.29 0.29 0.29 0.00 0.00 0.00 0.00
Aspartic acid 0.20 0.20 0.20 0.20 0.30 0.01 0.33 0.01
Glutamic acid 0.22 0.22 0.23 0.21 0.23 0.02 0.24 0.02
Histidine 0.41 0.42 0.42 0.43 0.48 0.01 0.51 0.02

Table S7. Measured retention times and conversion in Henry coefficient for arginine and lysine in 10 mM
TRIS on silica gel 60 for different pH. The total porosity and the phase ration of the column for every
buffer run are given in the line of buffer description. Retention times were measured at room temperature.

Retention time Retention factor k' [-] | Henry coefficient H [-]
Analyte .

[min] d K ) H o
TRIS pH 7.2 (e: = 0.58, ¢ = 0.74)
Uracil 0.32 0.32 0.32
Arginine 2.22 2.23 2.23 6.05 0.03 8.19 0.04
Lysine 2.03 2.02 2.04 5.41 0.04 7.33 0.05
TRIS pH 7.6 (e: = 0.57, ¢ = 0.77)
Uracil 0.31 0.31 0.31
Arginine 3.23 3.24 3.24 9.41 0.02 12.24 0.03




Lysine | 2.82 | 2.83 2.83 8.09 0.03 10.52 0.03
TRIS pH 8.0 (e: = 0.56, ¢ = 0.78)

Uracil 0.31 0.31 0.31

Arginine 4.97 4.89 4.92 14.92 0.13 19.18 0.17
Lysine 4.38 4.33 4.33 13.05 0.09 16.77 0.11
TRIS pH 8.5 (et = 0.54, ¢ = 0.85)

Uracil 0.30 0.30 0.30

Arginine 9.64 9.18 9.70 30.90 0.85 36.54 1.01
Lysine 8.84 9.07 8.86 28.94 0.28 34.22 0.33

Table S8. Measured retention times and conversion in Henry coefficient for arginine and lysine in 10 mM
MOPS on silica gel 60 for different pH. The total porosity and the phase ration of the column for every
buffer run are given in the line of buffer description. Retention times were measured at room temperature.

Retention time Retention factor k' [] | Henry coefficient H [-]
Analyte .

[min] DK o H o
MOPS pH 6.0 (e;= 0.58, ¢ = 0.72)
Uracil 0.32 0.32 0.32
Arginine 2.67 2.63 2.64 7.25 0.06 10.11 0.09
Lysine 2.35 2.36 2.38 6.38 0.03 8.89 0.04
MOPS pH 6.2 (e; = 0.58, ¢ = 0.71)
Uracil 0.32 0.32 0.32
Arginine 2.37 2.35 2.34 6.32 0.04 8.88 0.05
Lysine 2.06 2.09 2.05 543 0.04 7.63 0.06
MOPS pH 6.5 (e = 0.59, @ = 0.70)
Uracil 0.33 0.32 0.32
Arginine 2.13 2.12 2.12 5.54 0.01 7.96 0.02
Lysine 1.86 1.85 1.84 4.70 0.01 6.75 0.02
MOPS pH 6.8 (e = 0.59, @ = 0.69)
Uracil 0.33 0.33 0.33
Arginine 2.04 2.05 2.06 5.31 0.03 7.67 0.04
Lysine 1.78 1.80 1.80 4.51 0.02 6.52 0.03
MOPS pH 7.0 (e: = 0.59, @ = 0.70)
Uracil 0.33 0.32 0.32
Arginine 1.84 1.85 1.86 4.72 0.04 6.74 0.06
Lysine 1.61 1.61 1.63 4.00 0.04 5.71 0.06
MOPS pH 7.2 (e; = 0.59, @ = 0.70)
Uracil | 0.32 | 0.32 0.32




Arginine 2.36 2.37 2.38 6.34 0.04 9.02 0.05
Lysine 2.09 2.08 2.09 5.46 0.01 7.76 0.02
MOPS pH 7.6 (e: = 0.59, ¢ = 0.69)

Uracil 0.32 0.33 0.33

Arginine 3.41 3.43 3.45 9.57 0.04 13.79 0.05
Lysine 3.28 3.23 3.29 9.05 0.08 13.04 0.12




Appendix

7.1.2 Insights on alanine and arginine binding to silica with atomic resolution

The following pages contain the Supporting Information for Section 3.2.
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Experimental Section

Materials:

The silica used for the experiments was Silica Gel 60 from AppliChem, Germany. The porous
silica has a particle size of 40 to 60 pm. The pore diameter is 55 to 65 A and the pore volume
0.7 to 0.8 mL g’'. The surface area is given as 450 to 550 m? g’!. TRIS was purchased from
VWR, Germany. pH of the TRIS buffer was adjusted to pH 7.4 with HCI. All amino acids (aa)
were purchased as L-stereoisomer. L-Alanine was purchased from SERVA, Germany. L-
Arginine (Cellpure >98%) was purchased from Carl Roth, Germany. L-alanine ethyl ester
hydrochloride, L-alanine t-butyl ester hydrochloride, N-acetyl-L-alanine, N-a-acetyl-L-
arginine dihydrate, L-arginine methyl ester dihydrochloride, and N-alpha-acetyl-L-arginine
methyl ester hydrochloride were purchased from Carbosynth, UK. For the column, a column
blank kit (Supelco®) with L x ID 25 cm x 4.6 mm was purchased from Sigma and shortened to
a length of 3.5 cm resulting in a volume of 0.58 mL. The buffers were prepared in DI water.
The aa were prepared in running buffer with concentrations of 50 mM for HPLC experiments.
For the FMC experiments the aa were prepared in DI water with a concentration of 10 mM and
adjusted to pH 7.4. All buffers were degassed and filtered through a 0.2 pm cellulose-acetate-
filter from Labsolute, Germany. The aa were also filtered with 0.2 um cellulose-acetate syringe

filters from Macherey-Nagel, Germany.

FMC:

Thermodynamic studies were performed in a flow microcalorimeter (Microscal FMC 4 Vi,
Microscal Limited, London, UK), operated in heat conduction mode (exothermic and
endothermic signals are translated in the thermogram as a positive and negative peak,
respectively). The 171 pL microcalorimeter cell is interfaced with two highly sensitive

thermistors capable of detecting power changes with a magnitude of 1077 W, resulting in an
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energy resolution in the order of 10~ J. The flowrate of 1.5 mL h™! through the cell is controlled
by precision syringe pumps (Harvard Apparatus, UK). A block heater is used to monitor and
control the cell temperature. The FMC is also equipped with a multiport valve and an automated
injection system, as with a conductivity monitor and a UV detector from Pharmacia (Uppsala,
Sweden). Data acquisition, storage and processing were achieved using CALDOS 4 software
(Microscal, Limited, UK). During the process, the thermistors detect a change in potential,
convert it into power, and transmit it to the software which records the thermogram signal along
the time span of the process. The calibration factor was obtained from the correlation between
the areas of the peaks and the energy of heat pulses (3 mJ) resulting from electrical impulses of
known power and duration. Peak de-convolution and peak area determination were performed
with PeakFit 4.12 software (Seasolve Software Inc., San Jose, USA) using the Exponentially
Modified Gaussian (EMG) model. The latter was employed due to its ability to model
asymmetric signals. The exothermic and endothermic contributions to the overall heat of

adsorption were calculated from the area of the respective deconvoluted peaks.

Retention factors:

The chromatographic column was operated on an Agilent 1100 HPLC system with an UV/Vis
detector. aa were measured at 210, 220 and 230 nm. The injection volume for every aa was 20
pL and the flowrate was 2 mL min™! for every run. The retention factor (Table S1 and S3) is
calculated as k’ = (tr — to)/to. Here tr stands for the retention time of the aa and to for the retention

time of a non-interacting tracer in this case 1 g L™! uracil.

Amino Acid cappings:
The models for the uncapped arginine (Arg) and alanine (Ala) were generated using

AmberTools. At physiological pH, Arg has a protonated amine group (NH,") group in one end



and another zwitterionic group (NH3"-COQ") on the other end, making it overall positively
charged. The capping groups were built and attached with the uncapped aa using AVOGADRO.
The capped aa are then parametrized in AmberTools. The partial charges are assigned according

to AM1-BCC method which is also available in AmberTools.

In the case of Ala, the aa is overall neutral having a zwitterionic form (NH3;*-COO") at
physiological pH. The Ala was capped in two different ways (Figure S2). L-Alanine tert-butyl
ester (A-tbutyl) and L-alanine ethyl ester (A-ethyl): Cap the COO™ part of the zwitterionic group
keeping NH3" part intact. Acetyl L-alanine (Ac-R, 4): Cap the NH3" part of the zwitterionic
group keeping COO" part intact. Arg is capped in three different ways to generate its capped
varieties (Figure S3): Acetyl-L-arginine (Ac-R): Cap the NH3" part of the zwitterionic group
keeping COO' part intact. Acetyl-L-arginine methyl ester (Ac-ROMe): Cap both the NH3™" and
the COO" part of the zwitterionic group. L-Arginine methyl ester (R-OMe): Cap the COO™ part

of the zwitterionic group keeping NH3" part intact.

Molecular dynamic simulations:

As a first approximation of the silica surface, we used crystalline silica surface models taken
from a database by Emani et al..! Among the different possibilities we chose Q3 silica surface
model (see Figure S1 (a) and (b)) containing 4.7 silanol groups per nm? of the surface. Q3 is
the notation (used in Si-NMR spectroscopy?) to represent Si with four oxygens attached and
the number 3 denotes that there are 3 ‘Si’ units attached through the oxygen to an individual
silicon atom. The deprotonation of the surface silanol groups depend on the pH of the solution.
We chose the silica surface model with 14% deprotonated silanol groups which corresponds to
physiological pH (~ 7.4).! The chosen silica surface model had x, y, and z dimensions of ~33.6,

~34.9, and ~25.9 A respectively containing 2184 number of atoms.



A simulation box with the silica in one end and aa in the middle was prepared. The system was
then solvated in TIP3P water. Sufficient numbers of Na" and CI” counter ions were added to

achieve overall charge neutrality of the system.

The force field (FF) parameters for silica are taken from Emani et al..! All the remaining FF
parameters are taken from AMBER99SB-ILDN FF. The snapshot of the initial system built for
MD run is shown in Figure S1(c). The full system was first energy minimized using steepest
descent and/or conjugate gradient method. With the minimized structure further MD simulation
in NVT ensemble to equilibrate the system was performed. The silica surface is kept fixed
during the simulation run and periodic boundary condition was imposed in all three directions.
The x- and y-dimensions of the box were kept equal to the x- and y-dimensions of the silica
surface, and the atoms located at the edge of the silica patch were connected through bonds via
the periodic boundary condition to avoid boundary effects. A series of short NVT simulations
with varying z dimensions of the box were performed thereafter to achieve the correct density
of the water in the bulk. The partial water density for two different z dimensions of the
simulation box is shown in Figure S1(d). For a z dimension of 8.6 nm very high (~1020 kg m"
3) water density far away from the silica surface was found, while for 8.5 nm box dimension (z)

the water density matches quite accurately (~1000 kg m™) with the bulk density.

Nose-Hoover thermostat was used to maintain the system temperature at 300 K. The system
with correct water density is further used for the subsequent MD runs. The aa was then pulled
towards the silica surface. The system was equilibrated again when the aa was adsorbed to the
silica. The simulation snapshots of the adsorbed structure of different uncapped and capped Arg

are shown in Figure S9.



Umbrella Sampling

To generate the system for the umbrella sampling run, the aa is pulled away from the silica
surface and system configurations saved at a regular distance (between the aa and the silica
surface) interval of 0.1 A. Therefore, the reaction coordinate for the umbrella sampling run is
the distance between silica surface and the aa as shown in Figure S1(c). It is used a spring
constant of 1000 kJ mol nm™ and the pull rate of 0.01 nm ps™' for the pulling simulations. The
umbrella sampling simulations were performed with these configurations with the strength of
the umbrella potential 1000 kJ mol nm?. Each umbrella sampling windows were first
equilibrated for 4 ns and then from another 10 ns run and the histograms for PMF (potential of
mean force) generation were saved. All the MD simulations were performed in GROMACS
software package with 2 fs timestep. All the bonds involving hydrogen were constrained using
the Lincs algorithm during the MD run. PMF curves were calculated using the Weighted
Histogram Analysis Method (WHAM) also implemented in GROMACS. To quantify the
relative binding affinity of the aa on silica surface the binding affinity constant by integrating

the PMF profile weighted by Boltzmann probability was calculated as follows:

cutoff
Keate = C ] exp (—BWaie (2))dz (s1)
0

Here Wea(z) is the calculated PMF profile as a function of the distance z between the silica
surface and the center of mass of the aa. The cutoff is the distance up to which the aa is
interacting with silica. B=1/(Ky T) , where Ky is Boltzmann constant and T is the temperature
(taken as 300 K). The constant C depends on the details of the particular experimental setup,
which cannot be determined very easily. However, irrespective of this constant, the relative
binding affinity of the different aa can be well characterized by Kcac/C. In the present

communication, this scaled binding affinity Kcac/C is reported everywhere.



Distance of amino-acid functional groups from silica surface

Here, we illustrate the distance (reported in Figure 2 and Figure 4 of the manuscript) calculation
in the Figure S4 below. To calculate the distance of the center of mass of the different groups
(e.g. NH3") of the amino acid from the silica surface we selected all the silica surface atoms
(shown in vdW representation in yellow). The z component (d,) of the distance (d) between
the center of mass (shown in orange) of these silica surface atoms and the center of mass of the
respective groups of the amino acid (see Figure S4 below) are reported in the manuscript as the

“distance”.

To understand the distances reported in Figure 4 and develop more clearer physical picture we
have to note that COO" group of L-arginine methyl ester (Figure 4(c)) and acetyl-L-arginine
methyl ester (Figure 4(d)) are capped by methyl group(-CH3) which takes part in binding too.
Here we additionally perform calculations to generate a distance histogram for this CH3 group
too as shown in Figure S12 below. Now if we compare the distance appearing in Figures S12
(a), (c), and (d) we can easily see that the closest distances are not so different in three cases.
The distance of these capped group (COO-CH3) from silica surface is the average distance
(form silica) of the coo (shown in blue) and CH3 group (shown in violet) which is very similar
to the distance of NH2-NH>" group as shown in Figure S2(c) and (d) below. Please note that if
we also divide the NH>-NH>" group in two parts (NH2 and NH>") and calculate the distance

separately for each group then one of the groups will come much closer to the silica.



Tables

Table S1: Measured retention times and conversion in retention factors for uncapped and capped A. The retention time of the tracer
solution was 0.35 min. Retention times were measured at 25 °C.

Amino acid Retention time [min] Retention factor k’ [-]

oK c
Alanine 0.37 0.37 0.36 0.030 0.003
Ac-A 0.30 0.30 0.30 - --
A-cthyl 2.83 3.02 3.14 7.4 0.448
A-tbutyl 291 2.98 2.92 7.3 0.097

Table S2: Exothermic and endothermic peak areas from deconvolution of FMC heat signals for alanine derivatives.

Amino acid Exothermic event [mJ] Endothermic Net heat [m]]
event [mJ]

1 2 1 o c
Ac-A -0.1986 -0.1986

-0.1274 -0.1274 016 0.0503
A-ethyl -5.4873 -0.5970 -6.0840

-4.7681 -1.3724 -6.1405 -6.2 0.2115

-5.4494 -1.0259 -6.4753
A-tbutyl -8.6591 -0.6520 -9.3111

-8.3316 -0.5114 -8.8430 -8.9 0.3107

-7.5326 -1.1905 -8.7231

Table S3: Exothermic and endothermic peak areas from deconvolution of FMC heat signals for arginine derivatives.

Amino acid Exothermic event [mJ] Endothermic Net heat [mJ]
event [mJ]
1 2 1 0 c
Arginine -2.9054 -2.9054
-2.7471 -2.7471 -2.81 0.084
-2.7786 -2.7786
Ac-R -4.8877 4.1674 -0.7230
-5.2169 4.5641 -0.6528 -0.74 0.094
-4.9423 4.1032 -0.8391
R-OMe -10.9875 -10.9875
-10.6830 -10.6830 -10.3 0.915
-9.2730 -9.2730
Ac-R-OMe -6.3660 -6.3660
-5.7316 -5.7316 >0 0.362

-5.7471 -5.7471




Table S4: Measured retention times and conversion in retention factors for uncapped and capped R. The retention time of the tracer

solution was 0.35 min. Retention times were measured at 25 °C.

Amino acid Retention time [min] Retention factor k’ [-]
03’y c
Arginine 2.95 2.93 291 7.25 0.058
Ac-R 0.46 0.46 0.46 0.29 0.000
R-OMe 11.44 9.09 9.48 27 3.552
Ac-R-OMe 4.88 4.84 4.84 12.7 0.069
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Figure S1: Atomistic model of the silica used in the MD simulation. (a) Top and (b) side view of the model. (c) Snapshot of the initial
system prepared for simulation with silica in the end and the R in the middle of the simulation box. The surrounding water medium is
not shown in full atomistic details but as collection of dots (“solvent” representation in VMD) for clarity. The silica atoms are shown
in yellow, the carbon in cyan, oxygen in red hydrogens in white. The Na* ions are shown in blue and ClI- in green. The distance between
the silica surface and the aa are used as the reaction coordinate for the umbrella sampling runs. (d) The partial density of water for two
different z dimensions of the simulation box: 8.6 nm (in red) and 8.5 nm (in black).
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Centre of mass

Figure S4: Schematic diagram showing the distance calculation from the silica surface to the amino acid groups.
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Figure S5: Heat exchange profile of 10 mM acetyl L-alanine in water pH 7.4. Injection volume: 30uL.
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Figure S6: Heat exchange profile of 10 mM L-alanine ethyl ester in water pH 7.4. Injection volume: 30 uL. Curves presented are
from total peak fit (black line) and peaks resulting from de-convolution (grey dotted lines).
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Figure S7: Heat exchange profile of 10 mM L-alanine ferz-butyl ester in water pH 7.4. Injection volume: 30 puL. Curves presented
are from total peak fit (black line) and peaks resulting from de-convolution (grey dotted lines).
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Figure S8: Zonal Elution experiments in 10 mM TRIS pH 7.4 (blue), supplemented with either 200 mM sorbitol (green) or 1 M
NaCl (orange). Concentration of the amino acids were 50 mM each with 20 puL injection. Retention factors were calculated using
Uracil as tracer substance.

Figure S9: Equilibrated simulation snapshot of uncapped and capped alanine when it is adsorbed on silica. The silica surface under
the aa was blurred for better clarity of the aa structures. The capped and uncapped NH3" and the COO™ groups of the aa are highlighted
by red and blue circles respectively.
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Figure S10: Histograms of the distances of the C- and N-terminus of L-arginine (a), acetyl-L-arginine (b), L-arginine methyl ester
(c), and acetyl-L-arginine methyl ester (d) from the silica surface when the aa are adsorbed on silica as obtained from the MD

simulation
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Figure S11: Heat exchange profile of 10 mM acetyl-L-arginine in water pH 7.4. Injection volume: 30 pL. Curves presented are from
total peak fit (black line) and peaks resulting from de-convolution (grey dotted lines).
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Figure S12: Equilibrated simulation snapshot of uncapped and capped arginine when it is adsorbed on silica. The silica surface under
the aa was blurred for better clarity of the aa structures. The capped and uncapped NH3" and the COO™ groups of the aa are highlighted
by red and blue circles respectively. The positive C-NH2-NHz" groups are highlighted in green.
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7.3.3 Purification of a peptide tagged protein via an affinity chromatographic process
with underivatized silica
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7.3.4 DNA binding to the silica: Cooperative adsorption in action
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