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“If your experiment needs statistics, you ought to have done a
better experiment.”

— Ernest Rutherford
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Preface
This thesis is submitted in partial fulfillment of the requirements for the degree of
Philosophiae Doctor at the University of Oslo. The research presented here was
conducted at the University of Oslo, under the supervision of Associate Professor
Hanna Tiainen and Doctor Alejandro Barrantes.

The thesis is a collection of five papers, presented in chronological order of
writing. The papers are preceded by an introductory chapter that provides the
motivation for the work and background information on titanium dental implants,
tissue integration, and oral infections. After an outline of the research structure
together with its aims and hypothesis, the methodological considerations are
described to give the rationality of experiments employed in this thesis. Succeeding,
the main results of the studies are summed up, discussed, and put into context
with the general hypothesis. Finally, concluding remarks are drawn and an outlook
to future perspectives is given.



List of Papers

Paper I Silicic Acid-Mediated Formation of Tannic Acid
Nanocoatings
Florian Weber, Alejandro Barrantes, and Hanna Tiainen.
Published in: Langmuir, 2019, Vol. 35(9), pp. 3327–3336. DOI:
10.1021/acs.langmuir.8b04208.

Paper II Silicate-Phenolic Networks: Coordination-Mediated
Deposition of Bioinspired Tannic Acid Coatings
Florian Weber, Wei-Chih Liao, Alejandro Barrantes, Matthias
Edén, and Hanna Tiainen.
Published in: Chemistry – A European Journal, 2019, Vol. 25,
pp. 9870–9874. DOI: 10.1002/chem.201902358.

Paper III Tannic Acid Radicals in the Presence of Alkali Metal
Salts and Their Impact on the Formation of
Silicate-Phenolic Networks
Florian Weber, Einar Sagstuen, Qi-Zhi Zong, Tian Zheng, and
Hanna Tiainen.
Published in: ACS Applied Materials & Interfaces, 2020, Vol. 12
(47), pp. 52457–52466. DOI: 10.1021/acsami.0c16946.

Paper IV Anti-Inflammatory Properties and Innate Immune
Response towards Polyphenolic Coatings for Titanium
Dental Implants
Florian Weber, Quang Huy Quach, Mathias Reiersen, Sadaf Yosef
Sarraj, Dyala Bakir, Victor Aleksander Jankowski, Per H. Nilsson,
Hanna Tiainen.
Submitted manuscript, February 2021.

Paper V Polyphenolic Surface Modifications for the Prevention
of Fungal Colonization of Titanium Dental Implants
Florian Weber, Louise Morais Dornelas-Figueira, Nora Hafiane,
Alejandro Barrantes, Fernanda Cristina Petersen, Hanna Tiainen.
Prepared manuscript.

All publications are reprinted with permission of the copyright holders.

https://doi.org/10.1021/acs.langmuir.8b04208
https://doi.org/10.1002/chem.201902358
https://doi.org/10.1021/acsami.0c16946


Table of Contents

Acknowledgments iv

Preface v

List of Papers vi

Table of Contents vii

List of Figures ix

1 Introduction 1
1.1 Dental implants . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Tissue integration and wound healing . . . . . . . . . . . . . . 2
1.3 Inflammation and infectious diseases around dental implants . 5
1.4 Strategies to improve host tissue integration . . . . . . . . . . 7
1.5 Polyphenols . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Research Concept 15
2.1 Aims and hypothesis . . . . . . . . . . . . . . . . . . . . . . . 15
2.2 Research structure . . . . . . . . . . . . . . . . . . . . . . . . . 15

3 Experimental Considerations 17
3.1 Preparation of modified surfaces . . . . . . . . . . . . . . . . . 17
3.2 Characterization of the polyphenolic coating process . . . . . . 19
3.3 Analysis of the surface chemistry . . . . . . . . . . . . . . . . 24
3.4 Polyphenolic radical formation . . . . . . . . . . . . . . . . . . 28
3.5 Protein interactions with polyphenolic surfaces . . . . . . . . . 29
3.6 Blood compatibility . . . . . . . . . . . . . . . . . . . . . . . . 31
3.7 Cellular response . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.8 Adhesion and biofilm formation of Candida albicans . . . . . . 34

4 Summary of Key Findings 37
4.1 Chemistry of polyphenolic coatings . . . . . . . . . . . . . . . 37
4.2 Biological response . . . . . . . . . . . . . . . . . . . . . . . . 38

5 Discussion 39
5.1 Formation and characterization of polyphenolic coatings . . . 39
5.2 Effect of polyphenolic coatings on wound healing . . . . . . . 42
5.3 Can polyphenolic coatings prevent peri-implant infections? . . 44

6 Concluding Remarks 47



Table of Contents viii

Glossary 49

Bibliography 53

A Appendix 73

Papers 82

I Silicic Acid-Mediated Formation of Tannic Acid Nanocoatings 83

II Silicate-Phenolic Networks: Coordination-Mediated Deposi-
tion of Bioinspired Tannic Acid Coatings 115

III Tannic Acid Radicals in the Presence of Alkali Metal Salts
and Their Impact on the Formation of Silicate-Phenolic
Networks 141

IV Anti-Inflammatory Properties and Innate Immune Response
towards Polyphenolic Coatings for Titanium Dental Implants 185

V Polyphenolic Surface Modifications for the Prevention of
Fungal Colonization of Titanium Dental Implants 223



List of Figures
1.1 Endosseous titanium dental implants . . . . . . . . . . . . . . . . . 2
1.2 Phases of wound healing . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Activation pathways of complement and coagulation system . . . . . 4
1.4 The role of cytokines and signaling pathways in inflammation . . . . 6
1.5 Strategies for bioactive surface modifications . . . . . . . . . . . . . 9
1.6 Classification of polyphenolic molecules . . . . . . . . . . . . . . . . 10
1.7 The structure of polyphenols used in this work . . . . . . . . . . . . 11
1.8 Reaction chemistry of polyphenols . . . . . . . . . . . . . . . . . . . 12
1.9 Adhesion of polyphenols on titanium surfaces . . . . . . . . . . . . . 13
1.10 Polymerization and coating formation of polyphenols . . . . . . . . 14

2.1 Research concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.1 Deposition of polyphenolic coatings . . . . . . . . . . . . . . . . . . 18
3.2 The QCM–D setup to monitor the coating formation . . . . . . . . 20
3.3 Principle of QCM–D and NPS technology . . . . . . . . . . . . . . . 21
3.4 Analysis of free radicals by EPR . . . . . . . . . . . . . . . . . . . . 29
3.5 Schematic setup of experiments with blood . . . . . . . . . . . . . . 31
3.6 Schematic setup of experiments with C. albicans . . . . . . . . . . . 35

5.1 Structure of silicate–TA networks and PG polymers . . . . . . . . . 40

6.1 TA coated dental implant . . . . . . . . . . . . . . . . . . . . . . . . 48

A1 Batch-to-batch variation of tannic acid . . . . . . . . . . . . . . . . 73
A2 Buffer compatibility for the deposition of TA coatings . . . . . . . . 74
A3 Neutron reflectometry data . . . . . . . . . . . . . . . . . . . . . . . 75
A4 Layer properties and their effect on neutron reflectometry . . . . . . 76
A5 TOF-SIMS coating analysis . . . . . . . . . . . . . . . . . . . . . . . 77
A6 MALDI-TOF coating analysis . . . . . . . . . . . . . . . . . . . . . 78
A7 Raman coating analysis . . . . . . . . . . . . . . . . . . . . . . . . . 79
A8 Radial diffusion antioxidant capacity assay . . . . . . . . . . . . . . 79
A9 SDS-PAGE of salivary proteins . . . . . . . . . . . . . . . . . . . . . 80





Chapter 1

Introduction

Good oral health is important for the quality of life of every person. However,
the quality of live can be significantly impaired by tooth loss.[1] Patients with
missing teeth often report loss of phonetic function, eating disability, and social
stigma.[2] Tooth loss can occur through either trauma or oral diseases such as
caries, periodontitis, and cancer. Oral diseases are one of the most common
public health issues, affecting around 3.5 billion people worldwide.[3] Caries and
periodontal diseases are the most prevalent conditions which can lead to tooth loss
in severe cases.[4] It is estimated that about 10 % of the European population suffer
from severe periodontal diseases.[5] Historically, bridges have been used to restore
aesthetics, masticatory and phonetic function after tooth loss. Nowadays, the
placing of dental implants has become more popular due to the high success rate of
95 %.[6] Therefore, the global market for dental implants is currently estimated to
be worth $5 billion and predicted to grow even further.[7] In Norway, 15 000 dental
implants were placed annually in the period from 2014 to 2017.[8] This frequent
use of dental implants highlights their importance in the current clinical treatment
of tooth loss.

1.1 Dental implants

The development of modern dental implants started in the early 20th century,
although it took until 1965 before the first titanium dental implant was placed by
Brånemark.[9,10] Today, there are many types of implants produced by different
manufacturers. Despite differences in the implant design, a fundamental build-up
is commonly shared as depicted in Figure 1.1. Simplified, endosseous implants
consist of an implant body, an abutment, and a crown. The implant body is
anchored in the jawbone and provides a firm base for the crown. The crown is
connected to the implant via the abutment. Depending on the implant design,
either the implant body (tissue level implant), or the abutment (bone level implant)
is in contact with the gingival soft tissue.

Titanium (Ti) has become very popular as biocompatible implant material due
to its good mechanical properties and corrosion resistance.[11–13] Titanium and its
alloys provide sufficient mechanical strength compared to noble metals, such as
gold, and are less brittle than ceramics.[14,15] The excellent biocompatibility of Ti
originates from the TiO, TiO2, and Ti2O3 containing oxide layer, which forms at
the metallic Ti surface instantly upon contact with air or water.[16] This passivation
layer is the reason for corrosion resistance of Ti implants and their minimal release
of metal ions into the surrounding tissue.[17] The biocompatibility of Ti as an
implant material is also manifested in a low foreign body reaction.[18] Specifically
the absence of fibrous encapsulation enables the close contact of titanium with bone,
which is an inevitable requirement for a firm placement of dental implants.[11,19]
These properties led to the definition of osseointegrated implants.[10,20]
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Figure 1.1: The endosseous titanium dental implant consists of three parts to replace
natural tooth. In comparison to an intact tooth, the implant body is in direct contact
with bone. The visible part of the restoration, the crown, is fixed to the implant via
the abutment. Depending on the implant design, either abutment or the top part of
the implant is in contact with the gingival soft tissue.

1.2 Tissue integration and wound healing

Placing the implant in the prepared jawbone marks the start of the foreign body
reaction. This host response to foreign objects affects the subsequent wound healing
process and dictates the final tissue integration of the implant. Wound healing
is often separated into three phases. In the beginning, the body responds with
acute inflammation to the surgical trauma and the implant surface. Thereafter, a
regeneration phase and a remodeling phase follow during which new soft and hard
tissue is formed in the peri-implant area (Figure 1.2).[12,21] In the following, the
distinct processes for each of these phases are described in more detail.

In the first phase, tissue damage and contact of the implant with blood at the
wound site activate the coagulation and complement system (Figure 1.3). The
complement system is part of the innate immune response and plays a critical
role in the defense mechanism against pathogens and foreign objects.[26] The
complement system flags the implant as foreign object for elimination by the
recruited phagocytic cells, such as neutrophils, monocytes, and macrophages.
Further, cell lysis complexes are formed, which are able to attack the cell membrane
of pathogens.[27] Activation of the complement system occurs either via antibody
adsorption in the classical pathway or via hydrolysis (tickover) of the complement
component C3 in the alternative pathway. In the following cascade, amplification
of the activation marker by C3– and C5–convertase results in the formation of
terminal complement complex (TCC), which is responsible for lysis of pathogenic
cells.[28] During the amplification cascade, the subunits C3a and C5a are released,
which act as pro-inflammatory signaling molecules.[29]
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Figure 1.2: The three phases of wound healing start with inflammation and the
formation of a blood clot to stop bleeding. It is followed by a regenerative phase in
which the blood clot is being resolved by fibrinolysis. Thereafter, bone is generated
by osteoblast and osteoclast activity.[22,23] Simultaneously, gingival soft tissue is
regenerated and a barrier epithelium is established.[24,25] In the final phase, the newly
formed bone is transformed and remodeled to yield the final osseointegrated structure.

Simultaneously, activation of the coagulation system starts the wound healing
process. Blood coagulation inhibits bleeding by forming a blood clot that consists
of extracellular matrix components and platelets. Both the tissue damage and the
implant surface trigger the extrinsic and intrinsic coagulation pathway. In both
pathways, tissue factors (TFs) are released and amplified as shown in Figure 1.3.
The pathways converge in the cleavage of prothrombin (TF–II) to thrombin (TF–
IIa) and prothrombin fragment 1 and 2 (F1+2). During hemostasis, thrombin
is regulated by antithrombin, which forms a thrombin–antithrombin complex
(TAT).[30] However, during activation of coagulation, thrombin levels increase
and activate the assembly of fibrinogen to fibrin.[31,32] The various coagulation
factors, such as thrombin, subsequently activate platelets, which in turn increase
the formation of thrombin.[33] Thus, a feedback loop is created, forming the blood
clot consisting of a fibrin mesh forms and entrapped platelets. Coagulation plays
a decisive role in inflammation, as thrombin induces pro-inflammatory cytokine
expression.[34] Further, prolonged inflammation and a continuous activation of
platelets reduces fibrinolysis. This can lead to fibrous encapsulation, preventing a
close contact of the implant with bone.[35,36]

After the acute inflammatory phase, the regeneration phase starts with the
reorganization of the hematoma (Figure 1.2). During this phase, a variety of
cytokines and growth factors affect the attraction of leukocytes and fibroblasts
to the wound site. Fibroblasts proliferate and form extracellular matrix (ECM)
as a framework for tissue remodeling.[37] Further, expression of pro-inflammatory
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Figure 1.3: As part of the innate immune response, the complement system is
activated by surfaces via either the classical or the alternative pathway. Similarly,
surfaces trigger the coagulation cascade leading to the formation of a blood clot.
Both systems are complex interconnected pathways relying on several stimuli-response
actions. In combination they define the foreign body response and affect the subsequent
regenerative processes.

cytokines by leukocytes ceases and changes towards anti-inflammatory cytokines
to relieve inflammation.[38] During the progression of the regeneration phase, the
initial ECM deposited by fibroblasts is then remodeled. We now have to distinguish
between hard and soft tissue remodeling. Hard tissue is formed through osteogenic
and angiogenic processes. Osteoprogenitor cells migrate from the bone marrow
towards the wound site, where these type of mesenchymal stem cells proliferate and
differentiate into osteoblasts. These osteoblasts start to deposit bone on the surface
of the surrounding bone (distant osteogenesis) and on the implant surface (contact
osteogenesis).[39] Subsequently, the deposited immature woven bone formed within
the first few days is gradually replaced with dense lamellar bone by osteoblast
and osteoclast activity. This final adaption to the environment is a persisting
process, causing constant remodeling throughout life.[23,39] In contrast to hard
tissue formation, the remodeling of granular tissue to mucosal soft tissue starts by
forming the initial junctional epithelium after two weeks. Thereafter, organization
of collagen fibers and full development of the epithelial barrier occurs.[24,25]

Under ideal circumstances, the acute inflammation abates within a few days,
passing over to the healing processes. After a few months, the implant presents
close contact with the surrounding soft tissue and the newly formed bone holds
the implant firmly in position. The implant is now called osseointegrated. At
this point, the survival rate of the implant is around 95 %.[6,10] A well established
soft tissue integration plays a vital role for the survival of the implant as it is
the barrier against microbial invasion at the interface of the abutment or tissue
level implant.[40] However, for patients with impaired wound healing or an chronic
infection, the acute inflammation is prolonged and the healing process is disturbed.
Thereby, bacterial invasion of the peri-implant environment can cause peri-implant
diseases, such as peri-implant mucositis and peri-implantitis. The latter can lead
to major bone resorption, which ultimately results in failure of the implant.
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1.3 Inflammation and infectious diseases around dental
implants

Peri-implant mucositis and peri-implantitis are inflammatory oral diseases caused
by bacteria.[41] In the previous section, we encountered inflammation as part of the
wound healing and we will now expand on its causes in more detail to explain how
cells react to external stimuli. This allows us to present strategies how inflammation
can be tackled. It is important to discern inflammation caused by invasive
pathogens, the surgical trauma, and the foreign body response. However, there
are common principles associated with how cells respond to pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs).

1.3.1 Inflammation

As described earlier, inflammation is connected to the innate immune response of
the human body to foreign objects, such as bacteria or an implant. Activation of
the complement system by these foreign objects recruits circulating leukocytes.[26]
Neutrophils are the dominant species of leukocytes, responding initially to the
anaphylatoxins C5a and C3a (Figure 1.2).[34,42,43] The expression of chemokines
by leukocytes subsequently attracts monocytes, which differentiate to macrophages
(Figure 1.4).[42,44] Macrophages and neutrophils are considered as some of the
most important cells of the innate immune system as they can express various
inflammatory cytokines and eliminate foreign objects by phagocytosis. While
macrophages can easily take up micro-organism, they enter a state of frustrated
phagocytosis at the implant surface as the foreign body cannot be internalized.[45]
During phagocytosis, neutrophils and macrophages also express reactive oxygen
species (ROS) and cause local acidosis, damaging all surrounding cells without
discrimination.[46] To combat foreign objects more efficiently, pro-inflammatory
M1 polarized macrophages express cytokines, which attract more leukocytes and
trigger inflammation in surrounding cells (Figure 1.4).[47,48] Once the cause of
inflammation is resolved, macrophages enter a M2 polarized state, supporting
wound healing and tissue repair processes.[49] This transition is activated by anti-
inflammatory cytokines, which are expressed by TH2-cells.[50,51]

It is evident that cytokines are important in cell communication and modulation
of inflammation. These signaling molecules are being processed by cells via different
signaling pathways as shown in Figure 1.4. After the recognition by cytokine
specific receptor complexes, the signal cascades activate gene expression in the
cell nucleus. For example, tissue necrosis factor alpha (TNF-α) and interleukin–1
(IL-1) activate toll-like receptors and cause a turnover of nuclear factor kappa
B (NF-κB) via the MyD88/IRAK pathway.[52] They also activate the mitogen-
activated protein kinase (MAPK) pathway,[53] whereas IL-6 activates the STAT3
signal transduction.[54] However, this inflammatory response can also be triggered
by micro-organisms. Recognition of bacterial and fungal LPSs by toll-like receptors
activate the MAPK pathway and results in inflammatory cytokine expression.[55]

Tackling inflammation can thus be achieved at different stages. Inhibition
of the complement activation as part of the immune system may reduce the
number of activated leukocytes. Alternatively, the macrophage polarization and
expression of ROS and pro-inflammatory cytokines can be suppressed. Thereby,
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Figure 1.4: Upon inflammation, recruited monocytes are polarized by inflammatory
cytokines. During phagocytosis, M1 macrophages and neutrophils release ROS and
further pro-inflammatory cytokines. Once inflammation is relieved, anti-inflammatory
cytokines mediate a M2 macrophage polarization. DAMPs, such as cytokines, and
PAMPs, such as lipopolysaccharide (LPS), are recognized by cells via receptors and
activate various signaling pathways leading to gene activation and expression of further
signaling molecules.

the tissue destructive processes are lowered, which supports wound healing. Once
inflammation sets in and pro-inflammatory cytokines or PAMPs are present, the
intercellular signaling pathway can still be blocked to prevent the further progression
of inflammation. However, fighting inflammation by suppressing the immune
response comes with a trade-off. It potentially opens the door for uncontrolled
microbial growth.

1.3.2 Peri-implant diseases

There is a broad variety of bacteria in the oral cavity that can invade the peri-
implant environment and cause infection and inflammation. Implanted devices
further pose a risk of carrying dormant bacteria that cause infection after the wound
has healed.[56,57] Once micro-organisms start to colonize the implant surface and
invade the gingival tissue patients develop peri-implant diseases such as peri-implant
mucositis and peri-implantitis.
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Peri-implantitis is defined as destructive inflammatory process caused by
bacteria that affects the soft and hard tissues around osseointegrated implants.[58,59]
Peri-implantitis is often preceded by peri-implant mucositis, which describes the
inflammation of the gingival tissue surrounding the implant.[60] Only a few years
after the introduction of osseointegrated implants, peri-implant diseases were
observed and associated with subgingival plaque.[61] Plaque probes typically show
a multi-species biofilm, which contain bacteria from the orange complex, such as
P. indermedia and F. nucleatum. Progression of peri-implant mucositis to peri-
implantitis further shifts the composition to the red complex, which includes P.
gingivalis and T. forsythia.[41,62,63] These micro-organisms have also been identified
in patients with periodontitis.[64] Thus, it is discussed whether patients who suffered
periodontal diseases before receiving implants are at higher risk of developing peri-
implantitis.[41,65] Besides these common oral bacteria, other biofilm-forming micro-
organisms such as Staphyloccus spp. and Candida spp. have been detected.[66,67]
These organisms play an important role in the early colonization of surfaces and
the establishment of biofilms.[67] After their initial colonization of the implant
surface, other common oral bacteria are able to attach and grow protected by the
biofilm.[68]

Today, the prevalence of peri-implantitis ranges between 10 % to 30 %, but
can exceed 70 % depending on the assessment criteria.[58,59,69,70] In particular,
the patients with pre-existing diseases or habits affecting wound healing, such as
auto-immune diseases, diabetes, and smoking, are at higher risk of developing peri-
implant diseases.[71,72] An important factor affecting the prevalence of biofilm
accumulation and the risk of infection is the implant design. An increased
colonization has been observed especially on rough surfaces.[73] This is related to the
protection of bacterial cells against mechanical removal forces during oral hygiene
measures.[74,75] Hence, most clinically used surfaces which are in contact with soft
tissue are polished. However, the progressive bone loss caused by peri-implantitis
exposes the predominantly rough implant surface and the implant site becomes
more difficult to adequately disinfect.[63] Treatment of peri-implantitis commonly
consists of mechanical debridement with adjunctive use of chemical disinfectants
or antibiotics.[76] However, with the rising incidence of antimicrobial resistance, a
sufficient treatment may not be guaranteed.[77] Indeed, there is already evidence
that on rough surfaces the efficacy of decontamination with antimicrobial agents is
limited.[78]

It is evident that we need new ways to fight peri-implant infections. Currently,
no implant exists, which meets all desired characteristics. An ideal implant should
be antimicrobial, promote tissue integration, and offer appropriate mechanical
strength. Thus, efforts are being made to change the surface chemistry of established
dental implants with the aim to prevent the initial colonization by bacteria and
support soft-tissue attachment as natural barrier against microbial invasion.

1.4 Strategies to improve host tissue integration

Advances in biomaterial science has shaped the modern idea of biocompatible
materials.[79] Through the continuous study of surface properties and their effect
on the clinical performance, the host response to materials can be predicted.[80]
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Currently, research tries to find a solution for the balance between tissue integration
and prevention of microbial colonization. This fight between cells and bacteria
over the surface has been termed as ’race to the surface’ by Anthony Gristina.[81]

1.4.1 The initial contact counts

Cell and microbial adhesion to surfaces is influenced not only by surface
morphological features but also by the physico-chemical properties of the surface.
Differences in wettability, polarity, and charge are known to influence cell
adhesion.[82] Although the surface chemistry of any material may technically
be well defined, cells may not experience the same properties in vivo. Upon first
contact with body fluids, such as blood or saliva, various biomolecules will adsorb
onto the surface and form a conditioning film. The formation of this film is surface
dependent, and influences the foreign body reaction and cell adhesion.[83,84] A
general observation is that hydrophobic surfaces adsorb more proteins, however,
biomolecules often exhibit changes in conformation upon adsorption, which may
impact their biological activity.[85,86] The conformation the proteins adopt further
depends on the surface charge of the biomaterial, and can be of reversible or
irreversible nature. During physical adsorption of proteins, the composition of
the protein layer is subject to changes over time, as the initially adsorbed low
molecular weight (LMW) proteins are gradually exchanged by larger molecules
with higher surface affinity. This process is known as Vroman effect.[57,87]

1.4.2 Current implant surface modifications

There are two principle strategies to change surface properties, i) changing the
topography, or ii) the chemistry. As mentioned before, rough surfaces show
clinically better integrated dental implants due to the increased contact area and
retention.[88–90] Further, rough surfaces promote bone formation.[91,92] Thus, almost
all current dental implant surfaces are treated in a way to increase their surface
roughness. In contrast, surfaces in contact to soft tissue are primarily smooth to
reduce bacterial invasion. However, these surfaces do not show close attachment of
the gingival tissue.[73]

Promoting direct attachment of soft and hard tissue to the implant surface, while
simultaneously reducing microbial attachment, still remains a challenge. Improved
cell adhesion and proliferation requires a positive stimulus through signaling motifs
on the surface. To address this problem, various biomimetic approaches to modify
surfaces have been proposed as shown in Figure 1.5.[93,94] Soft and hard tissue
integration can exemplary be promoted by tethering bone morphogenetic proteins
(BMPs) and cell adhesion domains (RGDs) onto surfaces.[95–98]

Simultaneously, microbial attachment and proliferation of bacteria has to be
prevented by either non-adhesive surfaces or molecules, which inhibit growth of
potential pathogens. Continuous efforts are made to inhibit surface colonization by
studying topographical features on the nanometer scale. Although correlations of
bacterial adhesion and nanoscale surface features have been obtained, no surface
that is universally resistant to all microbes has been found so far.[99,100] An
alternative to nanopatterned surfaces are brush-like polyethylene glycol (PEG)
polymer coatings. These render the surface hydrophilic, and create a viscoelastic
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surface

non-adhesive contact killing active release multifunctionaltissue integrating

Figure 1.5: Different coating strategies exist to support tissue integration and reduce
microbial colonization. Cellular interactions can be facilitated with specific motifs for
attachment and release of growth factors. In contrast, microbial adhesion has to be
prevented by reducing their ability to attach to surfaces, or by killing them upon contact.
Similar to the stimulation of human cells, controlled release of antimicrobial molecules
can affect the growth of bacteria or fungi. The ultimate goal is a multifunctional
surface uniting all principles.

surface that is unfavorable for bacterial attachment and protein adsorption.[101–103]
Further, reduction of microbial colonization can be obtained by biocidal molecules
bound onto the surface or released from coatings. Broadly studied materials in
this context are silver doped materials,[104] quaternary ammonium compounds,
antibacterial peptides, and various enzymes.[104–107]

All these different goals ultimately have to be combined in a multifunctional,
bioactive surface that maintains its properties for an appropriate time after
implantation. Recently, polyphenolic molecules attracted attention in the quest
to create such multifunctional coatings.[108–113] Polyphenols exhibit a number
of desired attributes, such as antimicrobial, anti-inflammatory, and antioxidant
properties, which make them interesting candidates to tackle inflammation and
infections. Further, the ability to adhere to most surfaces and form coatings
can be utilized to equip surfaces with these attributes. In the following section,
polyphenols will be introduced and their structural features are put into relation
with their biological function.

1.5 Polyphenols

1.5.1 Definition

Polyphenols are a class of compounds bearing multiple hydroxyl groups on an
aromatic benzene ring. Historically, they are also known as tannins, due to their
use in the leather manufacturing process.[114] Based on these tanning properties
polyphenols were defined by White, Bate-Smith, Swayne, and Haslam (WBSSH)
as high molecular weight compounds with several phenolic hydroxyl groups, which
precipitate proteins from solution.[115] The WBSSH definition includes condensed
tannins, hydrolyzable tannins, and phlorotannins. Later, the strict classification of
plant polyphenols was expanded by Quideau to accommodate other plant secondary
metabolites derived from the shikimate pathway, such as lignans, stilbenes, and
other low molecular weight molecules.[114] Following this approach, we can divide
the diverse group of molecules in classes with similar structure, as illustrated in
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(Figure 1.6). The great variability of polyphenols is caused by changes in the
number and arrangement of the hydroxyl groups on benzene. Beyond the simple
phenol molecule bearing one hydroxyl group, polyhydroxy phenolic motifs are
classified as pyrocatechol, pyrogallol, resorcinol, or phloroglucinol (Figure 1.7).
In this work, we focus on the polyphenolic molecules tannic acid (TA), gallic acid
(GA), ellagic acid (EA), and pyrogallol (PG), which are depicted in Figure 1.7.

Pyrocatechol

Tannic acid
Pentagalloyl
glucose

Ellagic acid

Pyrogallol

Curcumin

Gallic acid

Epicatechin
Epigallocatechin
Epicatechin gallate

Lignans

Quercitin

Iso�avones Anthocyanidins

Catechin

Ellagitannins

GallotanninsPhenolic acids

LMW PP

Curcumoids

Flavones Flavonols FlavanonsFlavanols

Kaempferol

Polyphenols

Other PP FlavonoidsStilbenes Hydrolyzable PP

Epigallocatechin gallate

Figure 1.6: Classification of polyphenols according to their fundamental structure.
Commonly, this group of molecules comprise hydrolyzable polyphenols, lignans,
stilbenes, and flavonoids (condensed polyphenols). In addition to these structures
based on the classical WBSSH definition, secondary plant metabolites as defined by
Quideau are included. These are phenolic acids, LMW polyphenols, and curcumoids.
Examples of commonly studied molecules are highlighted in yellow.

1.5.2 Chemical properties and biologic implications

The phenolic group is the most important constituent of polyphenols, resulting
in their unique properties (Figure 1.8). The phenolic hydroxyl group is mildly
acidic with pKa values of 8 to 10. Additional hydroxyl groups on the benzene ring
can further lower the pKa value through intramolecular hydrogen interactions.[116]
Thereby, the hydroxyl groups are responsible for polar interactions, resulting in the
hydrophilic character of many polyphenols.[114] In contrast, the benzene ring allows
hydrophobic interactions by π-stacking,[117] cation-π stacks,[118] and cation-π-anion
interactions.[119]

This chemical variety enables interactions with many organic biomolecules.
Especially hydrogen bonding and hydrophobic interactions cause aggregation of
proteins and enzymes. In particular, uncharged proline-rich proteins (PRPs),
albumins, mucins, and collagen are denatured by polyphenolic molecules.[120]
These interactions have been suggested to reduce oxidative stress caused by pro-
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Figure 1.7: Top: Polyphenolic molecules consist of one or more benzene rings with
at least two hydroxyl groups attached. Bottom: Structures of polyphenols used in this
work. TA is a high molecular weight compound consisting of a central glucose unit
with up to ten galloyl groups attached. Hydrolysis of these subunits yields GA, which
can in turn dimerize to form EA. PG represents GA without the carboxylic acid group.

inflammatory enzymes.[121] The most studied anti-inflammatory mechanism of
polyphenols is the interaction with redox active cell signaling molecules, and the
inhibition of myeloid differentiation primary response 88 (MyD88) dependent
NF-κB phosphorylation shown in Figure 1.4.[122,123] Thereby, the expression of
pro-inflammatory cytokines can be modulated.[122,124,125] In addition to effects on
human cells, a variety of antimicrobial activities have been reported. For example,
interactions of polyphenolic molecules with bacterial cell membranes result in
bactericidal effects.[126] Further, the interaction with transmembrane proteins can
block efflux pumps.[127,128]

Polyphenols with either pyrocatechol or pyrogallol groups are further able
to coordinate metal cations.[129] Thereby, reactive metal ions, such as Fe3+, can
be scavenged to avoid ROS production via Fenton reactions.[130,131] It is also
suggested that chelation of ions, which are vital for bacterial metabolism, can have
an antimicrobial effect.[132] Alternatively, the coordination of metal ions can be
used to as a nucleation point for antimicrobial silver deposition.[133]

In oxidative environment, phenolic compounds react to form quinones
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Figure 1.8: Top panel. The phenolic hydroxyl group is the origin of a variety of
interactions. Besides hydrogen bonding and ionic interactions, vicinal hydroxyl groups
chelate metal ions. Further, the benzene ring allows interactions via its delocalized
π-electron system in π-stacks and ion-π complexes. Bottom panel. The oxidation of
polyphenols occurs spontaneously in slightly alkaline conditions with dissolved oxygen.
During the oxidation to quinones, mesomerically stabilized radical intermediates are
formed. Subsequently, quinones can undergo polymerization and coupling reactions
via Schiff-base or Michael-addition reactions.

(Figure 1.8). During this process, semi-quinone radical intermediates are
formed.[134–138] Thereby, the proton is removed from the hydroxyl group, followed by
electron transfer. This mechanism is referred to as SPLET.[139,140] Auto-oxidation
commonly involves dissolved oxygen and it is suggested that superoxide radicals
(O2

– ·) are formed, which subsequently react to hydrogen peroxide (H2O2).[141–143]
Phenolic radicals are relatively stable compared to other organic radicals due to
the mesomeric stabilization in the conjugated π-system.[144] The delocalization
of the radical spreads out the charge density and lowers the energy level of the
radical. Hence, polyphenols are broadly considered as antioxidant radical scavenging
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molecules. This antioxidant effect also depends on the degree of substitution and
increases from phenol < catechol < pyrogallol due to an increase in radical stability
by the electron donating hydroxyl groups.[145] Once polyphenols have been oxidized
to quinones, they react with nucleophiles via Schiff-base formation or Michael
addition (Figure 1.8).[115,146] This also leads to spontaneous self-polymerization
of polyphenolic molecules, forming high molecular weight polymers in alkaline
conditions.[147]

However, there is an unresolved dispute as to whether redox cycling has an
overall pro-oxidant or antioxidant effect.[148,149] Most in vivo studies related
to dietary uptake of plant polyphenols support the antioxidant effect.[150,151]
In contrast, cancer researchers claim opposite effects.[152] Thus, whether the
antioxidant property of polyphenolic molecules prevents inflammatory conditions
remains an application specific effect.

1.5.3 Polyphenols at interfaces

The investigation of polyphenols for surface modifications began after the pioneering
work on the adhesive properties of catechol containing biopolymers.[153] The first
studies following this discovery then focused on the interaction of dopamine with
various surfaces.[154,155] In these investigations, it was found that dopamine adheres
to a broad variety of different materials, such as oxides, metals, and polymers.
The driving force for this surface independent adsorption phenomenon is the
previously described variety in reactivity of polyphenolic molecules (Figure 1.8).
Thereby, polyphenolic groups are able to coordinate to metal ions on the surface,
react covalently with nucleophilic groups, form hydrogen bonds, and coordinate to
polymeric materials through hydrophobic interactions.[156,157] On titanium surfaces,
catechol groups first form labile hydrogen bonds before stable coordination to Ti
centers via mono- and bidentate links (Figure 1.9).[158,159]

The adhesive properties of dopamine were then used to create coatings via
oxidation of dopamine to dopa-quinone, which undergoes polymerization to form
polydopamine (eumelanin).[160,161] In the further development of functional surface
modification, the substrate-independent adsorption and coating formation of a
variety of different polyphenolic molecules was established (Figure 1.10).[113,162]

O OOH

OHHO

OOOO

+

monodentatehydrogen
bonding bidentate

Ti Ti Ti Ti Ti Ti

Figure 1.9: Polyphenolic molecules are able to interact with a variety of different
surfaces via polar, ionic, covalent, and hydrophobic interactions. On titanium surfaces,
the catechol group first adheres through hydrogen bonding followed by mono- and
bidentate coordination with Ti.
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Based on these results, kinetic studies extended the knowledge about interface
chemistry and assembly of polyphenolic layers.[163,164] Their main findings were
that the coating formation is highly dependent on reaction conditions such as
pH and ionic strength. Simultaneously, studies with TA–based metal phenolic
networks (MPNs) progressed and opened the field for facile surface functionalization
by dip-coating.[165] Contrary to oxidative polymerization, MPNs can form in non-
oxidative environments based on the cross-linking of polyphenolic molecules with
transition metal ions, such as Fe3+ (Figure 1.10).[155] In order to build a cross-
linked network structure, molecules with more than one catechol group are required.
Thus, most MPN research is based on TA due to its high number of galloyl groups
available for cross-linking (Figure 1.7). The knowledge acquired over the past
decade is able to shed light on some of the physical and chemical interactions
during the formation of polyphenolic surface modifications,[166–168] and a variety
of different biomedical applications were proposed thereafter.[169] With regard to
wound healing, polyphenolic molecules have also been studied for soft and hard
tissue regeneration.[170] However, little research has yet been done on the use of
polyphenolic coatings to improve the foreign body response and support the wound
healing process.

In addition, there are still open questions regarding the chemistry of polyphenolic
coatings and the differences between oxidative polymerization and MPNs Additional
knowledge is needed particularly with respect to the change in chemistry and
biological function of polyphenols once they are deposited in a surface confined
layer. The main influencing factor in this regard is the reaction conditions applied
to induce oxidative polymerization or cross-linking of MPNs. Thus, investigation
of the coating deposition process of polyphenols and the characterization of the
physical and chemical properties of the coating is necessary to understand the
biologic response.

OH

OO

oxidative
polymerisation MPN

O

O

M
O

O

O

O

Figure 1.10: After the initial adhesion a layer can be built up either via oxidative
polymerization or via cross-linking of either catechol, or galloyl groups with metal
ions. Oxidative polymerization is mostly encountered in polydopamine or pyrogallol
coatings, whereas Fe-based MPN are commonly used with TA.



Chapter 2

Research Concept

2.1 Aims and hypothesis

The general hypothesis of this work was that Ti dental implant surfaces modified
with polyphenolic compounds improve the wound healing process. Therefore,
polyphenolic molecules ought to retain their intrinsic anti-inflammatory and
antimicrobial properties after being deposited as coatings. Consequently, an
improved host tissue integration of titanium implants is elicited by reducing the
inflammatory response and inhibiting microbial colonization.

Therefore, the aim was to investigate the mechanisms involved in the surface
deposition of polyphenolic molecules and to characterize the physical, chemical, and
structural properties of coatings obtained under different experimental conditions.
After that, the biocompatibility, antioxidant capacity, and anti-inflammatory
properties of functionalized Ti surfaces towards blood and primary human cells
was assessed. Finally, microbial surface colonization was studied by evaluating the
adhesion and growth of oral pathogens on polyphenolic coatings in a condition
mimicking the oral environment.

2.2 Research structure

Before the in vitro performance of polyphenolic coatings was evaluated, the
deposition mechanisms of TA and PG were studied in more detail. Thus, the
project was divided into two main blocks according to Figure 2.1. First, the
chemical reactions involved in the coating formation of TA were characterized
and compared to other polyphenols, such as GA and EA. These experiments were
focused on the real-time kinetics and coating chemistry involved in the assembly of
polyphenolic molecules on Ti surfaces under different experimental conditions. The
main aim was to find out how aqueous silicic acid (Siaq) enables the continuous
formation of TA coatings and how pH and ionic strength influence the deposition
of polyphenolic coatings.

After establishing the difference between the assembly mechanisms of TA
and PG coatings, a set of three coated surfaces was defined. Thereby, the anti-
inflammatory and antimicrobial properties and the host response in relation to
the surface chemistry was determined in vitro. TA coatings represent cross-linked
network structures similar to MPN and were prepared at pH = 6.8 or pH = 7.8
to test different oxidation states. PG coatings represent oxidatively polymerized
coatings similar to polydopamine coatings. First, the interaction of the modified
surfaces with blood and the capability to reduce oxidative stress and inflammation
was studied. Second, the ability to inhibit biofilm formation by reducing fungal
growth and attachment to the modified surfaces was analyzed.

These objectives were addressed in five articles and manuscripts with individual
research questions as outlined below.
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Figure 2.1: The research presented in this thesis is split into characterization of the
coating formation and assessment of the biological response for four different surfaces.

Characterization of the coating deposition

Paper I • What is the mechanism in the formation of TA and PG coatings?
• What are the structural requirements for the coating formation and

can the results be extrapolated for other polyphenolic molecules?
• Do both coatings vary in physical and morphological properties,

which could affect the subsequent stability and behavior in clinical
applications?

Paper II • Are TA coatings based on coordination chemistry with silicic acid?
• How can the efficiency of the TA coating process be improved?

Paper III • Why is a high ionic strength required for the formation of TA and
PG coatings?

• Can sodium salts be exchanged with any other alkali metal salt?
• Are salts involved in the polyphenolic radical formation?

Anti-inflammatory and antimicrobial properties of polyphenolic
coatings

Paper IV • Are polyphenolic coatings blood compatible?
• Do polyphenolic coatings activate the complement and coagulation

system?
• Do polyphenols retain the antioxidant effect after being deposited

on surfaces and reduce intracellular ROS?
• Can polyphenolic coatings reduce the cytokine expression in

inflamed fibroblasts?

Paper V • Are polyphenolic coatings able to reduce the adhesion, growth, and
biofilm formation of Candida albicans?

• Do salivary protein layers affect the antimicrobial properties of
polyphenolic coatings?
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Experimental Considerations

3.1 Preparation of modified surfaces

3.1.1 Commercial tannic acid

TA is an easily available and affordable plant-derived product with potent anti-
inflammatory and antioxidant properties.[171] However, due its biological origin,
commercial TA is subject to batch-to-batch variations. Ideally, a purification
step is performed before use to remove contaminants and degradation products.
After we noticed that the coating formation was dependent on the TA batch, the
composition was analyzed by high–performance liquid chromatography (HPLC)
(Figure A1). For the majority of this work, we used a singular batch, which
showed only GA contamination, and thereby circumvented a laborious purification
process.

Besides TA, we studied several other polyphenolic molecules in this work to
compare the coating formation and biologic response. GA was used to represent
the main structural component of TA (Figure 1.7). However, GA does not
form coatings.[162] Therefore, PG was used as the simplest molecule, which has
three phenolic hydroxyl groups and forms coatings. Further, EA was taken into
consideration as a dimer of GA, but poor water solubility at neutral pH prevented
the use in our experiments.

3.1.2 Coating deposition

Although the deposition of polyphenolic coatings is surface independent,[113]
titanium was chosen as the model surface representing the material of most dental
implants. To study the biological response of cells to the coated surfaces, polished
Ti coins were used as substrates mimicking the smooth abutment surface of titanium
dental implants. A smooth surface finish further allows the characterization of
physical properties and cell response without the overlaying effects of surface
roughness. Polyphenolic coatings were obtained by immersing the coins in the
solutions containing the dissolved polyphenolic molecule for 24 h with gentle
agitation on a rocking platform (Figure 3.1). This allows oxygen to diffuse
and participate in the oxidative reactions.[142] From previous research on the
formation of polyphenolic coatings, it is known that many parameters influence
the coating formation.[164] Therefore, systematic studies with different parameters
had to be conducted. One of the major factors affecting the coating formation
is the pH, a driving force of the oxidation.[162] To maintain a steady pH level
throughout the coating process, the solutions had to be buffered. However, not all
buffers are compatible with the polyphenolic molecules or salts required to adjust
the ionic strength (Figure A2). While bicine was commonly used in previous
studies,[164,172] we used HEPES in this work as it offered a more suitable buffer
range and did not interact with any of the components.
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For experiments which require a defined surface roughness and surface chemistry,
Si wafers were used instead of Ti coins. This was the case for (i) surface energy and
wettability studies using contact angle measurements, (ii) studies of the coating
thickness by ellipsometry that are affected by the roughness and inhomogeneous
oxide layer on Ti, and (iii) coating topography studies. To avoid polyphenolic
polymer particles, which form during the oxidation reaction and sediment on the
surfaces, Si wafers were mounted vertically (Figure 3.1). Due to issues with
coatings peeling off the Si substrate during rinsing, the native oxide layer of the
wafers was removed by HF treatment before the coating process. Problems with
the deposition of polyphenols on SiO2 layers are known and initially suggested to
originate in the dissolution of the oxide layer by polyphenols.[162] However, it has
also been shown that the adsorption energy of catechols on silica can be as low as
that for water, which could cause the detachment of the polyphenolic layer upon
rinsing.[173]

Ti
coin

Si
wafer

Figure 3.1: Ti surfaces are coated by immersion in 10 mL polyphenolic solution
under gentle rocking motion. For the deposition of ideal smooth coatings on Si wafers,
substrates were mounted vertically using a custom-made 3D-printed holder.

3.1.3 Monitoring polyphenolic oxidation reactions

Both the polymerization of polyphenols and the formation of MPNs are connected
to spontaneous oxidation in slightly alkaline solution.[155,162] To determine the
progress of oxidation, the change in the absorbance of UV–visible light (UV–vis)
in the range between λ = 200 nmto800 nm was monitored. In this energy range,
the absorption of light originating from the transition of π–electrons from bonding
to anti-bonding orbitals can be used to interpret the electronic configuration of
molecules.[174] Once polyphenols change their chemical structure upon oxidation,
these transitions are affected and can be easily detected by this spectroscopic
method.

Since UV–vis spectroscopy does not result in a detailed molecular structure of
the polyphenols after the oxidation reaction, additional Fourier transform infrared
(FTIR) spectroscopy was used as a complementary technique. In contrast to UV–vis
spectroscopy, analysis of aqueous polyphenolic solutions using a ZnSe flow chamber
was, however, dominated by the water signal at the concentration of 1 mg mL−1

TA or PG. This problem was circumvented by placing droplets of polyphenolic
solutions on the crystal of an attenuated total reflection (ATR) module. The ATR
unit directs the IR beam to the solid interface where it interacts with the material
and reflects off to the detector. After evaporation of the solvent from the sample,
a quantifiable signal was obtained. Additionally, once the oxidation reaction of
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polyphenols forms polymers, particles can be filtered off and analyzed by FTIR.
However, these particles can be chemically different from the coating and should
not be used to make statements about the chemical structure of the coating.[164]

Alternative standard techniques to investigate the chemical structure of
polyphenols, such as 13C and 1H nuclear magnetic resonance (NMR) spectroscopy,
were considered, but exact conditions as employed during the coating formation
could not be established. Structural analysis of organic compounds using NMR
is typically conducted in heavy water (D2O). While D2O is mandatory for
proton spectra, 10 % D2O is enough for the instruments magnetic field lock in
13C.[175] However, we observed that TA dissolved in D2O did not oxidize equally
to respective H2O based solutions. Thus, we could not determine the structure of
polyphenols after the oxidation reaction. Further, due to issues with salt solubility
in other solvents, such as EtOH, and the precipitation of polyphenols during long
experiments, more elaborate studies could not be performed.

3.2 Characterization of the polyphenolic coating process

3.2.1 Kinetics of the coating process

For the kinetic analysis of the coating deposition, a quartz crystal microbalance
with dissipation monitoring (QCM–D) was used. This instrument allows monitoring
the formation of polyphenolic coating in real-time and in an aqueous environment.
However, for the deposition of the coating on the sensor, the solution has to
be pumped through a measurement chamber (Figure 3.2). This causes slight
differences in the coating formation compared to the deposition process in vials due
to limitations in mass transport. To balance these limitations with the required
reaction volume, a flow speed of 100 µL min−1 was chosen.[164] Since QCM–D was
used in many of the experiments in this thesis, its fundamental principles are
elucidated in more detail.

QCM–D utilizes the piezoelectric effect of quartz to excite the acoustic
resonance of the sensor. Fundamentally, the oscillation frequency depends on
the physical properties of the quartz sensor according to Equation 3.1 established
by Sauerbrey.[176] This equation correlates the change in frequency (f) as a result
of a change in mass (m) for a sensor with fixed density (ρ0) and thickness (t0).
The sensors used in this work are available with different surface, such as Ti, and
have a fundamental frequency (f0) of 5 MHz.

∆f = − f0

ρ0t0
∆m (3.1)

The Sauerbrey model was originally used for measurements in air and is only
valid for rigid layers with a thickness below the acoustic shear wave penetration
depth (δacc). Under these boundary conditions, the change in frequency is directly
proportional to the change in mass and the instrument can detect changes
of 18 ng/(Hz cm2).[176] In addition to measuring the response of the sensor’s
fundamental frequency, the response of odd harmonics can be recorded. The probing
depth depends on the oscillation frequency of the sensor and the viscosity (ηl) and
density (ρl) of the surrounding environment according to Equation 3.2. A typical
probing depth (δacc) at 5 MHz in water is approximately 250 nm (Figure 3.3).[177]
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Figure 3.2: QCM–D was used to investigate the deposition kinetic of polyphenols. The
polyphenolic solution was flown at a flow rate of 100 µL min−1 through the chamber to
balance the required reaction volumes and restrictions in mass transport. The increase
in mass of the sensor upon formation of coatings causes a change in resonance frequency,
which can be monitored continuously to determine the coating kinetics.

δacc = 1√
πfρl/ηl

(3.2)

However, in liquid environment, a rigid film cannot always be assumed, since
coupled liquid dampens the oscillation of the sensor. This is measured as the
dissipation (D) of the signal. Therefore, the Sauerbrey model has been expanded
to attribute signal dampening. In the Kelvin-Voigt model, viscoelastic properties
of an adsorbed layer on the sensor surface are used to correlate changes in mass.
Thereby, changes in frequency and dissipation become functions of shear modulus
(µ) and viscosity (η) of the adsorbed layer and the surrounding liquid.[178] While
the properties of bulk fluids are commonly known, the density, shear modulus,
and viscosity of an adsorbed film or coating are parameters of particular interest.
However, the Voigt model only yields the η and µ of the layer. Thus, the layer
density (ρ) has to be known before or measured separately. While densities
for protein layers are available in literature, the layer properties of polyphenolic
coatings have not yet been investigated. Consequently, we estimated the layer
density by nanoplasmonic sensing (NPS) as described later. It should be mentioned
that the theoretical models do not always result in physically logic parameters.
Polymeric layers are not always ideal Newtonian fluids and model constraints,
such as including frequency dependent viscoelastic properties, cause significant
differences in the fitted parameters. Thus, in some cases a qualitative analysis
according to changes in ∆f and ∆D may be more suitable.[179]

QCM–D also presents some other disadvantages which complicate the data
interpretation. The oscillation of the sensor is largely determined by the viscoelastic
properties of the surrounding liquid. Thus, changes in the environmental conditions,
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Figure 3.3: The principle of QCM–D is based on acoustic shear waves elicited by a
quartz sensor. In contrast, NPS is an optical measurement technique using surface
plasmon interactions to obtain the density of adsorbed layers. QCM–D is able to probe
the viscoelastic properties of molecules coupled to the surrounding fluid by monitoring
changes in resonance frequency (f) and signal dissipation (D). In comparison, NPS
senses changes in refractive index (n) caused by the adsorption of molecules to the
solid-liquid interface.

such as changing buffers and the temperature, contribute to the measured ∆f
and ∆D values. For measurements, where the coating formation is followed by
adsorption or desorption studies in a different buffer, the shift in frequency and
dissipation caused by the different solution must be accounted for. Therefore, it is
necessary to record these changes before the experiment on clean sensors. Further,
a final measurement in the original solution after the experiment verifies that the
signal was not caused by the change in bulk liquid properties. Additionally, the
presence of particles on the sensor surface contributes to the dissipation of the
QCM–D signal by dissipating energy.[180] This is important to consider during
the formation of polyphenolic coatings, since polyphenols polymerize during the
coating process. These resulting particles accumulate in the measurement chamber
and distort the signal. In this work, the effect has been addressed by flipping the
instrument upside down. Consider the chamber shown in Figure 3.2 rotated by
180°. This avoids particle sedimentation on the surface of the sensor. However,
the drawback is that air bubbles can rise to the interface of the sensor in this
orientation. Since air bubbles result in sudden spikes in the signal and render
modeling impossible, we rather took the presence of particles into account as the
cause for a higher dissipation.

3.2.2 Thickness, hydration, and density of polyphenolic coatings

As previously mentioned, the density of polyphenolic coatings was not known, and
thus, the thickness of the coatings in liquid cannot be estimated correctly. Therefore,
we used nanoplasmonic sensing (NPS) to obtain the density of polyphenolic layers
in liquid state. NPS is an optical method using local plasmon resonance. In
contrast to dedicated surface plasmon resonance (SPR) instruments, NPS can be
conducted on special QCM–D sensors plated with gold nanodisks (Figure 3.3).
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This allows obtaining data from two individual instruments on the same sample
and can be used to directly correlate measured parameters.

Equal to the acoustic shear wave in QCM–D, the surface plasmon decays
exponentially and displays a characteristic probing depth (δopt) of 30 nm
(Equation 3.3).[181] At a layer thickness beyond the probing depth, the equation
can be reduced, which allowed for the estimation of the density (ρs) of the layer
(Equation 3.4). This density can then be used to calculate the layer thickness
in QCM–D. Since QCM–D measures the mass of the coating coupled to water,
we have now obtained the wet–mass and the thickness of the polyphenolic layer.
Since the wet–mass is strongly dependent on the hydration of different polyphenols,
QCM–D can overestimate the amount of molecules in the coating. To compensate
the influence of coupled water, the thickness determined by QCM–D was used
in Equation 3.5, to calculate the dry–mass based on NPS measurements. The
necessary refractive index increment (dns/dc) was measured to be 0.173.

∆λ = S0 · ∆ns = 2
δopt

∫ ds

0
S0e
−2z/δopt · ∆n(z) (3.3)

ρs = ∆λ
S0 · dns/dc

(3.4)

Γs = ds · ∆ns
dns/dc

= ds
∆λ

S0(1 − e−2ds/δopt) · dns/dc
(3.5)

The drawback of the NPS method is a short penetration depth, which excludes
studies of coatings with a thickness above 100 nm. A slightly higher penetration
depth could be obtained with SPR instruments to obtain the dry–mass and layer
thickness.[161] Alternatively, a method has recently been described to determine
a correct dry mass with QCM–D. The method describes the decoupling of the
kinematic viscosity from the density of the bulk liquid. Thereby, the signal change
for viscosity-matched liquids can be extrapolated to yield an accurate dry mass.[182]
An additional limitation of the NPS system lies in the instrument setup, in which
the light has to pass through the solution before being reflected at the sensor
surface (Figure 3.3). Changes in the bulk solution, such as high absorption during
oxidation of polyphenols, or particles scattering light, reduce the signal quality.
This could have affected the calculation of the TA layer density, which resulted in
values below the density of protein layers. For measurements where this can be
avoided, the benefit of using NPS in combination with QCM–D is the simultaneous
measurement of dry–mass and wet–mass characteristics in the same experiment.
Thus, differences caused by the change in experimental setup can be avoided.

Neutron reflectometry (NR) is an alternative technique to evaluate the density,
thickness, or roughness of thin layers in situ. While the principle of NR is similar to
X–ray scattering techniques, the use of neutrons has the advantage of being able to
study organic compounds which have low X–ray contrast. In NR, the interference
pattern of the neutron beam is measured after being reflected at the interfaces of
the coating. The reflectivity (R) of a surface depends on the wavelength λ, the
angle (θ) of the incident beam and the integrated density of the material according
to Equation 3.6 and 3.7.[183] The density is usually expressed as the scattering
length density (SLD) and can be estimated by the scattering length of each atom
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and its number density. The SLD of the compound of interest should ideally
differ significantly from the surrounding medium. Measurements were performed
in both H2O (SLDH2O = -0.56) and D2O (SLDD2O = 6.40).[184] As a control,
contrast matched solvent was further used to verify that the assumed SLD of the
polyphenolic layer was correct (SLDcmc = SLDTA = 4.34).

q = 4π sin θ
λ

(3.6)

R = 16π2

q4

∣∣∣∣∫ SLD(z)dz
∣∣∣∣2 (3.7)

However, the attempt to characterize the coating formation of polyphenols by
NR did not result in sufficiently reliable data to model the desired parameters
(Figure A3). Although the experiments were performed on the D17 instrument
at the Institute Laue Langevin (ILL, Grenoble, France), which features the highest
neutron flux to date,[185] data quality was poor. Thickness measurements were
conducted at intervals of 10 min with reduced q–range. To cover the full q–range,
the detector had to be moved to take measurements at two incident angles. Moving
the detector requires time and therefore, the full q–range was recorded only at the
beginning, once every hour, and at end of the experiment. The poor data quality
may be caused by the rapid coating kinetics, which changes the layer thickness
during each scan interval and obscures the data (Figure A4). Further, a roughness
above 50Å significantly affects the distinct fringe pattern. We have also observed
that oxidation in D2O did not progress as in H2O at pH = 7.8, even though the pD
was adjusted to the same level as the pH (pD = pH + 0.4).[186] Hence, regular water
was used during the coating formation. For the characterization under different
solvent contrast, the instrument chamber was flushed with heavy water after the
formation process. To avoid these drawbacks, coatings could be deposited on the
NR substrate before the experiment and analyzed by complementary dry–state
techniques, such as atomic force microscopy (AFM) and ellipsometry. Subsequently
the layer thickness and hydration could be studied in liquid environment by NR

So far, the described methods were all used to measure the coating thickness
continuously during the formation of the coating. In addition to the in situ analysis,
the coatings were also characterized in dry state, which allowed us to estimate the
hydration of coatings by comparing the wet–mass obtained with QCM–D to the
thickness determined by a complementary technique that probes the coating in
dry state.

Amongst the various approaches to measure the coating thickness in dry
state, null–ellipsometry was the preferred method for its high throughput. In
principle, ellipsometry measures the change of the amplitude (Ψ) and phase (∆) of
polarized light after interacting with a thin film.[187] Null–ellipsometry operates
by modulating the phase and amplitude of light to create a linear polarized beam
after its reflection from a surface. An analyzer then determines the angle for
which the intensity of the detected beam is minimal. Thereby, the thickness and
refractive index (nr) of the coating can be calculated. However, the numerical
solution does not always guarantee accurate refractive indices.[188] For a relative
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approximation, a single layer model was applied, which treated the coating and
the SiO2 oxide layer on Si substrates as one layer with the refractive index of SiO2
(nr,SiO2 = 1.46). For absolute values of the coating thickness, nr of the coating
has to be known. The refractive index can be obtained by either measuring a thin
film with known thickness or by using a spectroscopic ellipsometer. The latter
allows for the collection of enough data to fit the recorded data with optical models,
obtaining the complex refractive index.

To support our ellipsometry data, we obtained the required thickness by height
measurements of the coating using an AFM. For this measurement, the coating
was scratched off the Si wafer using the tip of the AFM cantilever. Thereby,
we determined that the layer thickness in the simplified ellipsometry model was
over estimated by approximately 25 %. Hence, the correct refractive index of the
polyphenolic layer is approximately nr, TA = 1.88. This is in good agreement to
the estimated values for polyphenolic compounds ranging from 1.70 to 1.92[189,190]

3.2.3 Surface topography

Besides using AFM as a method to determine the thickness of the polyphenolic
coatings, we also used this method to image the surface topography and calculate
the surface roughness. AFM offers a very high spatial resolution of up to 1 nm by
using piezoelectric drivers. The downside of this contact-based method is creating
artifacts on steep inclines or surface features the cantilever tip cannot reach due
to its own shape.[191] Further, the scan area is below 100 µm × 100 µm. Thus,
we used profilometry and scanning electron microscopy (SEM) as complementary
techniques to describe the surface morphology on a larger length scale. While SEM
only allows qualitative images for visualization of surfaces, profilometry also offers
quantification of surface roughness. Using a 20 × objective, the area measured by
profilometry is approximately 850 µm × 700 µm. The spatial resolution of optical
measurements depends on the wavelength, properties of the objective, and the
image sensor.[191] Therefore, profilometry typically has a lower resolution than
AFM. In contrast to AFM, profilometry is contactless and allows measurements of
complex surfaces. Depending on the scale of the roughness, different measurement
modes are available. As mentioned previously, the influences in surface roughness
by variations of the substrate were minimized by using Si wafers. On these smooth
surfaces, roughness measurements were conducted in interferometry mode.

3.3 Analysis of the surface chemistry

3.3.1 Structural chemistry

In the further analysis of the chemical structure, SEM was used in combination
with energy dispersive x–ray spectroscopy (EDS) to obtain an initial estimate
of the elemental composition. EDS allows the analysis of characteristic X–rays
generated by the interaction of atoms with the electron beam. While SEM can
offer a high spatial resolution, EDS detectors only allow the detection of elements
in relatively low resolution due to the high interaction volume of the electron beam.
During the analysis of nanometer thick coatings, the signal is mostly dominated
by the underlying substrate. Therefore, a more surface-specific technique was
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required. To evaluate the presence and chemistry of silica in the coatings, we
used X–ray photoelectron spectroscopy (XPS). Similar to EDS, XPS is a method
which characterizes the elemental composition, but with a typical probing depth
of 10 nm, XPS is much more surface sensitive.[192] In contrast to SEM–EDS, XPS
uses a defined monochromatic X–ray beam to eject electrons from atomic orbitals.
The characteristic energy of electrons is then analyzed in either hemispherical
or cylindrical detectors. Hemispherical detectors are highly energy sensitive and
allow conclusions on the binding state of atoms.[193] Cylindrical detectors are less
sensitive to the binding energy but allow mapping of specific elements across the
surface. Also the spatial resolution of these detectors is relatively low with 3 µm.
Since this resolution was not high enough to exclude that the signal originated
from silica particles, previously observed in SEM, complementary time-of-flight
– secondary ion mass spectroscopy (TOF–SIMS) analysis was performed. This
method allows a higher spatial resolution by irradiating the sample surface with a
focused Ga+ ion beam similar to the electron beam in SEM.[194] The fragments
ejected from the surface are then analyzed by mass spectroscopy. Thereby, we
addressed the distribution of Si within the polyphenolic coatings.

In addition to mapping individual elements, TOF–SIMS can also be used to
analyze the structural integrity of the polyphenolic molecules in the coating. In
contrast to mapping experiments using Ga+ ions, C60 clusters were used to eject
fragment from the surface.[195] Irradiation with C60 clusters lead to softer ionization
of the polyphenolic molecules and lower fragmentation compared to Ga+. However,
the obtained spectra mainly showed low molecular weights fragments below 600 Da
(Figure A5). Since we wanted to verify whether TA maintained its structure and
molecular weight up to 1700 Da, an alternative method with less ionization energy
had to be used. Thus, we utilized the low energy of matrix-assisted laser desorption
ionization – time-of-flight mass spectroscopy (MALDI–TOF) to ionize components
of the coating.[196] Therefore, stainless steel MALDI–TOF plates were coated. In
the subsequent analysis using 2,5-dihydroxybenzoic acid (DHB) as matrix, the
high molecular weight components of TA were verified (Figure A6).

As an alternative to studying the molecular structure in the coating, molecules
in solution can be analyzed by liquid chromatography (LC), which separates
compounds according to their polarity. Often, a comparison of the sample to
internal standards, such as gallic acid, can result in an estimate of the eluted
compound. However, only coupling to a mass spectrometer (MS) allows the analysis
of unknown compounds in more detail. In the study of oxidative polymerization
products of polyphenols, the drawback of the LC–MS system was the sensitivity of
its electro–spray ionization (ESI) unit to inorganic ions. Since the coating solutions
contain a high amount of salts, these cause contamination of the ion source.[197] In
order to separate salts before MS analysis, the first part of the eluting solution was
discarded. This bears the possibility of excluding parts of the components from
the analysis.

Since elemental composition and mass fragments are ambiguous and difficult
to interpret, functional groups were studied by their distinct molecular vibration
pattern. Therefore, ATR–FTIR spectroscopy was used to investigate the structural
chemistry of coatings. As described earlier the principle of FTIR spectroscopy
is to measure the absorption of IR light by atomic bonds. Thus, the IR beam
has to penetrate the material of interest. In contrast to solid bulk material, thin
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films with a thickness in the range of nanometers result in poor signal yield. This
could be counteracted by using a grazing angle ATR module or multi-bounce
ATR modules. Both systems increase the interaction path length and reduce
interfacial reflectivity to obtain an improved signal.[198,199] Probing characteristic
bands for polyphenol oxidation in coatings was possible, but less pronounced peaks,
for example originating in the interaction of Si with polyphenols, could not be
detected. As complementary technique to study functional chemical groups, Raman
spectroscopy was used. However, as an inelastic scattering technique, Raman
spectroscopy often has a low signal strength.[200] Hence, evidence for interaction
between polyphenols and Si could not be obtained due to weak Raman absorption
of Si components.[201] Further, the Raman laser quickly caused sample degradation
and elicited background-fluorescence of the phenolic coating (Figure A7).

Since neither Raman nor FTIR spectroscopy were able to detect Si bonds, NMR
was the only option to elucidate the role of Si in the formation of TA coatings. In
contrast to studying the oxidation of polyphenols in solution by liquid state NMR,
we now focused our interest on the solid coating. Since solid compounds cannot be
probed with conventional NMR, a solid-state nuclear magnetic resonance (ss-NMR)
technique had to be employed. 29Si magic angle spinning NMR (MAS–NMR) was
then used to analyze the specific Si bonds. To probe the coating, we deposited
polyphenolic layers on TiO2 carrier particles. By limiting the coating time to
2 h, polymerized polyphenol particles could be excluded from the analysis. In
contrast to conventional NMR, MAS–NMR generally has a lower signal strength.
Further, the low amount of coating per TiO2 particle reduces the signal strength.
Last, the natural abundance of NMR–active 29Si is only 4.67 %. To improve the
NMR signal, the coatings were prepared with a 29Si enriched coating solutions.
Therefore, 29SiO2 was dissolved in NaOH and added to the coating solution before
pH adjustment. After the coating deposition, the TiO2 were filtered off, washed,
and dried before MAS–NMR measurements.

3.3.2 Physical surface chemistry

The difference in structural chemistry of polyphenolic coatings further manifests in
the apparent physical properties of the modified surface. These surface properties,
such as wettability, surface energy, and surface zeta potential, are important
factors determining the adsorption of proteins and molecules that form the initial
conditioning film on implant surfaces. Surface wettability describes the spreading
behavior of a liquid on the surface and can be quantified by measuring the contact
angle that defines the shape of a liquid droplet on the surface. Since the wettability
is influenced by the roughness of the surface, contact angles were measured on
optically flat Si wafers to eliminate the influence of varying surface morphology.[202]
On ideal flat surfaces, the contact angle (Θ) can be correlated to the surface energy
(γS) according to Young’s equation, which describes the force equilibrium at the
phase boundary.

γS = γSL + γL cos Θ (3.8)

By measuring several contact angles of different liquids with known interfacial
energies (γL), the surface energy can be deduced via linear regression. There
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are different models for the calculation of surface energies. These models either
take polar and dispersive components or acid-base reactions into account.[203] To
accounts for both polar and non-polar interactions of polyphenols with biomolecules,
the universal model by OWRK was chosen. This model includes polar and dispersive
forces for both the liquid and the solid surface according to Equation 3.9. In the
OWRK model, the polar part (γP) of the surface energy is derived from the
intercept (a) and the dispersive part (γD) from the slope (m) in the linear equation
y = mx+ a.[204] Addition of γD and γP then results in the total surface energy.

y = 1 + cos Θ
2 · γL√

γDL

x =

√
γPL
γDL

; m =
√
γPS ; a =

√
γDS

γ = γP + γD

(3.9)

However, wettability studies do not fully describe the surface properties of the
coatings especially for polar surfaces, which can have different charges. Therefore,
the apparent surface charge, commonly known as the surface zeta potential, was
obtained via electrophoretic light scattering. The principle of this method is based
on the mobility of tracer particles in an electrical field depending on the distance
to the surface.[205] For a correct analysis of the electro–osmotic flow (EOF), the
tracer particles should not interact with the surface. Therefore, negatively charged
colloidal polystyrene beads (� = 100 nm) were used. Due to the application of
an electrical field, the conductivity of the solution has to be set below 1 mS m−1,
which corresponds to a 10 mM NaCl solution. This means that coating conditions
at 600 mM NaCl cannot be achieved with this method. This is important since the
zeta potential depends on the concentration of ions.[206] This limitation is common
to all EOF based techniques, and the zeta potential at high salinity can only be
measured indirectly by extrapolation.[207,208]

3.3.3 Antioxidant properties

As described in the introductory chapter, the antioxidant properties of polyphenolic
compounds are in part associated with their ability to scavenge radicals.[144] For
the quantification of the antioxidant capacity of polyphenols the reduction of the
ABTS•+ radical cation was measured.[209] This is a colorimetric assay suitable for
water-soluble antioxidants, such as TA and PG used in this work. Alternatively,
lipid peroxidation and antioxidant assays are often described in literature.[210]
However, in these methods, polyphenols have to be dissolved in non-polar solvents,
such as EtOH. Since the coating was intended to have antioxidant properties in
aqueous environment, the ABTS assay was chosen. The antioxidant capacity of
pristine polyphenols was determined by normalization to trolox. Trolox is a vitamin
E analogue with antioxidant properties commonly used in literature as positive
control in antioxidant assays. Thereby, results expressed as trolox equivalent
anti-oxidant capacity (TEAC) can be compared to values in literature.

The assay was also used to determine the antioxidant performance of the
coated surfaces. The coated coins were incubated in the solution and the reduction
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in absorbance of the supernatant was subsequently measured. For the assay with
coatings, a pooled sample setup was chosen in which several coins per group were
incubated with 1 mL solution per coin. From this bulk solution, 200 µL aliquots
were then analyzed over a period of time. Pooling several coins per group increases
the volume and ensures that removing several aliquots is not significantly affecting
the overall volume per group. Adjusting the volume after taking the aliquots
changed the absorbance and was therefore avoided. While the quantification by
spectrophotometry only allows the quantification of the bulk supernatant, a radial
diffusion experiment showed that coated surfaces release polyphenolic molecules
(Figure A8). For this experiment 40 µL mL−1 was added to a 1.5 % agarose
solutions and the gel was casted in 6-well plates. However, the quantitative analysis
of pictures, taken over 24 h, is often complicated due to varying light conditions
and a gradual diffusion front.

3.4 Polyphenolic radical formation

The radical formation of polyphenolic molecules is not only important for the
antioxidant properties, but it is also considered to play a major role in the oxidation
of polyphenols and the subsequent coating formation.[146,211] The formation of
polyphenolic radicals was investigated by electron paramagnetic resonance (EPR)
spectroscopy, which allows a direct analysis of unpaired electrons. In comparison to
many short-lived reactive radicals, such as •OH or •O2

– , studying of polyphenolic
radicals by EPR is much simpler due to their high stability. Thus, the measurement
of phenolic radicals is possible without using spin-traps. Polyphenols were dissolved
in water without the addition of buffer molecules, which could potentially interact
with radicals. The radical formation was then initiated by adjusting the pH
immediately before the analysis to avoid a time-dependent change in radical
intensity. Further, equal mixing and oxygen uptake was taken into account for
all samples to guarantee constant conditions. The samples were then taken up in
capillaries, which were placed in the sample cavity of the EPR instrument.

The principle of EPR is similar to NMR. However, EPR probes the energy of
electrons upon interaction with a static external magnetic field.[212] This Zeeman
effect causes the electron spin to align either parallel or anti-parallel (Figure 3.4).
Both states are different in energy, which can be probed by applying an electric field
according to Equation 3.10.[212] The electric field, described by Plank’s constant(h)
and the frequency (ν), correlates to the electron specific g-value, the Bohr magneton
(µB) and the magnetic field (B0).

E = hν = gµBB0 (3.10)

Interaction of free radical electrons with their surrounding atoms further
becomes evident in the hyperfine structure of the signal (Figure 3.4). Depending
on the number of chemical equivalent nuclei (N), a number of hyperfine lines
are obtained according to 2N · I + 1.[213] In the case of polyphenolic molecules
consisting of C, O, and H, the interaction pattern can be simplified since 12C and
16O have a spin I = 0. Hence, only H atoms with spin I = 1/2 contribute to the
spectra. However, due to the delocalization of the electron system in polyphenolic
molecules, the radical electron can couple to either equivalent or non-equivalent
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protons. The resulting splitting pattern can be predicted using a binomial tree
illustrating the multiplicity and intensity of the obtained signal (Figure 3.4).
From the resulting spectra, various parameters describing the coupling constants,
were then modeled using isotropic EPR simulation software. Thereby, the location
of the free electron can be determined.
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Figure 3.4: Electrons with spin I = ± 1
2 align parallel or anti-parallel to an external

magnetic field. Upon interaction of the electron with other nuclei, the energy splits
again depending on the alignment of the spin. This causes a hyperfine structure of
the EPR signal. Nuclei with high spin density cause a high splitting constant (aH2),
whereas nuclei with lower spin density result in a lower value aH1.

Since EPR is very sensitive in detecting different radicals, it is important to test
pure chemicals. Since commercial TA also contained GA, as pointed out earlier
(Figure A1), it was necessary to separate GA from TA by liquid chromatography.
The TA fraction was collected, reduced under vacuum, and freeze-dried to avoid
degradation. As reference for the TA EPR signal, we used pentagalloyl glucose
(PGG).

3.5 Protein interactions with polyphenolic surfaces

The adsorption of a protein conditioning film occurs as the initial process after
placing any object into human tissue. In the case of dental implants, this
conditioning film originates from blood plasma and saliva. As described in the
introduction, the surface-dependent adsorption of different proteins directs the
foreign body response.[83,84]

We studied the formation of protein layers on polyphenolic surfaces by QCM–D
to assess whether the coatings change the structural properties of the adsorbed
protein layer. A fundamental understanding of the composition of this protein film
may eventually allow the prediction of the host response. Proteins, saliva, and
blood plasma were diluted in phosphate buffered saline (PBS) at pH = 7.0 to study
the adsorption, without instantly saturating the sensor surface. The experiments
were performed at 21 °C instead of physiological 37 °C due to degassing of water
upon heating in the instrument chamber. In experiments, which last longer than
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1 h, air bubbles form and distort the QCM–D signal. Further, the QCM–D signal is
temperature-dependent and a switch in temperature during a measurement would
require a calibration for each experiment. In addition, the viscous properties and
density of the buffer influence QCM–D signal. This influence was reduced by
forming the coatings in phosphate buffer instead of HEPES. Yet the change in
ionic strength affecting the density of the buffer had to be compensated. Therefore,
the baseline for the coating buffer and the protein buffer was recorded on the
clean sensor before each experiment. After the coating deposition, a rinsing step
with the protein buffer was conducted for up to 1 h until the signal was stable.
Subsequently, the adsorption of proteins was recorded.

The protein layer was then analyzed using Voigt viscoelastic modeling as
described in subsection 3.2.1. While the mass of the protein layer is rather simple
to obtain, the structural and conformational changes are not straight-forward to
interpret. Computing the viscoelastic properties of adsorbed protein layers results
in the complex shear modulus (G). It is composed of the storage modulus (G′)
and the loss modulus (G′′), according to Equation 3.11.

G = µ+ i2πηf = G′ + iG′′

tan(θ) = G′′

G′

(3.11)

Analysis of the loss tangent (tan(δ)) can be used to quantify whether the layer
behaves more solid-like (tan(δ) < 1) or liquid-like (tan(δ) > 1). However, this
notation is strictly only allowed for Newtonian fluids.[214] Further, the required
modeling of the adsorbed layer has to take the frequency dependent rheological
properties of adsorbed films into account.[215] This limitation is overcome by
a frequency-dependent shear (µ) and viscosity (η) model. It is obvious that
mathematical modeling of complex protein layers is highly dependent on the model
parameters and assumptions made. Therefore, changes in frequency and dissipation
can also be obtained by analysis of ∆D/∆F plots.[179] This allows for a more
qualitative analysis based on the shape analysis. Further, slopes derived from the
obtained curves can be used to compare the adsorption behavior of proteins on
different surfaces.

Although QCM–D is a powerful technique for studying adsorption, it lacks
the ability to give a quantitative answer regarding the individual components
adsorbing from complex protein systems. Further, denaturation of the protein
upon adsorption to a surface cannot be measured and requires other methods, such
as circular dichroism.[216] For a more precise answer regarding the composition,
an attempt was made to form protein pellicles on Ti coins with subsequent
desorption and sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS–
PAGE) analysis (Figure A9). However, the dynamic range to resolve especially
the low concentrated components is limited. Either weak bands are dominated by
the high content of proline rich proteins or they disappear once the total protein
concentration is reduced. This drawback may be resolved by a proteomic analysis
based on HPLC.
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3.6 Blood compatibility

Following the non-specific protein adsorption, the foreign body response is triggered
by activating the complement and coagulation system. The complement system
is part of the innate immune system, and affects inflammation and stimulates
leukocytes. The coagulation system initiates the formation of a blood clot, which
serves as a provisional tissue matrix for wound healing. To study how polyphenolic
coatings alter the response of the complement and coagulation system, blood
samples were taken and incubated with coated Ti coins as shown in Figure 3.5.
Complement and coagulation activation was assessed after 30 min since these
processes happen quickly after the initial contact of blood with the surfaces.
Similarly, the activation of monocytes, granulocytes, and platelets was determined
after 30 min to evaluate the response directly after contact with the surface. In
contrast, cytokine expression was determined after 4 h, allowing cells to react to
stress signals.

complement
coagulation30min  incubation

4h incubation

platelet 
granulocyte
monocyte
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Figure 3.5: To analyze the host response towards polyphenolic coatings, coatings were
incubated with human whole blood. After 30 min, the activation of the complement
and coagulation system was assessed by ELISA. Further, the activation of monocytes,
granulocytes, and platelets was quantified by flow cytometry. After 4 h, the expression
of inflammatory cytokines was determined by multiplex analysis.

Coagulation activation markers TAT and F1+2 were quantified by enzyme
linked immunosorbent assay (ELISA) to determine the activation in the common
pathway of the coagulation system (Figure 1.3). Similarly, complement activation
markers were analyzed using ELISA kits detecting the markers of the classical
pathway (C4d), the alternative pathway (C3bBbP), and the final cell lysis complex
(TCC). Sample dilution is an important factor during the quantification of these
markers by sandwich ELISA. Since the assay uses well plates with pre-adsorbed
antigens, saturation can occur if the sample concentration is too high. Thus, the
experiments were conducted in appropriate dilution, which was later corrected for
during the calculation of the expressed markers.

To supplement the data on activation markers for the coagulation and
complement activation, the response on a cellular level was determined by studying
the activation of monocytes, granulocytes, and platelets. Therefore, the cells
were stained for activation markers on the cell membrane and analyzed by flow
cytometry. Platelets were discerned from granulocytes and monocytes by expression
of CD42 compared to CD45/CD15 for granulocytes and CD45/CD14 for monocytes.
Activation of granulocytes and monocytes was quantified by CD11b and CD35
staining, respectively. Platelets were stained for two markers to determine their
activation (CD62P) and change in morphology (CD63). As an alternative to flow
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cytometry, a qualitative assessment of platelet activation based on the morphology
could have been conducted by SEM. Visual inspection may, however, be biased
by the operator compared to flow cytometry, where a large cell population can be
assessed. However, flow cytometry may tent to quantify suspended non-activated
cells, as activated platelets stick to the surface. Thus, incubated surfaces were
extensively washed with PBS before sample transfer.

The subsequent inflammatory response of the activated blood cells was studied
by measuring the expression of cytokines and chemokines after incubating blood
with surfaces for 4 h. The response was quantified by a multiplex assay using
a panel of 27 markers associated with inflammation. Multiplex generally relies
on the same principle as ELISA. However, multiplexing is faster when several
markers are determined in one experiment. Since the different antibodies are
immobilized on color-coded polymer beads instead of a well plate, samples can be
incubated with a mixture of different beads binding potential markers. Thereafter,
fluorescent labeling with a detection antibody produces an active signal response.
While Luminex beads are separated and individually analyzed by a flow cytometer,
MagPix magnetic beads are captured with a magnet and evaluated by imaging.
Magnetic beads have the advantage of being easily captured during sample
preparation, when washing steps are required.

Since the experiment was designed in a way that all activation markers were
analyzed from the same sample (Figure 3.5), a positive control, which can activate
complement, coagulation, and inflammatory cytokine expression needed to be used.
In this work, E. coli was used. While E. coli is a good positive control for
inflammatory response and complement activation, it is not ideal as a positive
control for coagulation. However, bare Ti itself can be used as positive control
since it is a highly thrombogenic surface.[217] Alternatively, kaolin could also have
been used for coagulation activation.

3.7 Cellular response

3.7.1 Cytotoxicity and genotoxicity

In the wound healing process, the provisional blood clot is subsequently remodeled
by fibroblasts, which form granulation tissue to seal the wound.[218] The
biocompatibility of polyphenolic molecules was first tested since interactions of
polyphenols with cell membranes could lead to cytotoxic effects. Therefore, the
lactate dehydrogenase (LDH) activity was measured. LDH is an enzyme in the
cytosol of most cells. The assay primarily tests if the cell membrane is damaged
upon which LDH is released into the culture medium. Since this assay does
not determine whether cells are metabolically active, it cannot indicate whether
polyphenols impaired the cells in other ways such as causing apoptosis or a cell circle
arrest. For these specific tests, a variety of other assays is available, such as the
MTT assay.[219] The advantage of the LDH is the simple colorimetric quantification
of LDH activity in the cell medium in comparison to live/dead staining of cells for
imaging or flow cytometry. The assay is also non-destructive to the sample, which
allows further analysis of the cells in separate experiments.

Although polyphenolic molecules may not cause immediate cell death, their
accumulation in the nucleus may have genotoxic effects based on their interaction
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with DNA. Mutagenic effects are particularly known for the oxidized quinone forms
of polyphenols, which cause DNA damage.[220] Hence, DNA damage was studied
by a comet assay. This test separates intact DNA in the nucleus (comet head)
from strand breaks that create the comet tail via electrophoresis. This method is
highly sensitive and can be conducted in either neutral or alkaline condition.[221]
In this study, the alkaline condition was chosen as it detects both single- and
double-strand breaks. Analysis of the intact DNA in the comet head versus the
damaged DNA in the tail area of the comet was performed with the OpenComet
plug-in for ImageJ. The tool analyzes images of comets based on the intensity of
the comet or its shape. The image quality and alignment largely dictate the ability
to detect comets correctly. Since out-of-focus comets and misinterpreted comets
contribute to a high error rate, they were manually removed from the analysis.

3.7.2 Intracellular reactive oxygen species

Although polyphenolic molecules may show antioxidant properties in the ABTS
assay, interaction with proteins and other cellular components may reduce the
capacity to scavenge intracellular radicals in vitro. To quantify the ability of
polyphenols to reduce oxidative stress, intracellular ROS was quantified with a
cell membrane permeable stain. A popular cell permeable stain for this purpose
is H2DCFDA. This stain is, however, susceptible to the presence of serum.[222]
In contrast, CellROX stains are compatible with serum-containing cell medium.
Oxidative stress was elicited by tert-butyl hydroperoxide (TBHP), as model for
ROS released by leukocytes, and LPS.[223]

In an initial test, we imaged stained cells and obtained a rather inhomogeneous
staining. Thus, analysis by flow cytometry was conducted to evaluate a more
representative cell population. However, experiments with CellROX–Green showed
a high background signal of the cells. Therefore, CellROX–DeepRed was finally
used, as the unstained cells did not emit any background fluorescence at the
detection wavelength of the stain. We still noticed background signal the in
non-inflamed cells, which could originate from sample handling and the stress
induced during the trypsination and resuspenion of the adherent fibroblasts for flow
cytometry. Since CellROX–DeepRed mainly accumulates in the cytosol, co-staining
the cell DNA with propidium iodide (PI) allowed for the distinction between live
and dead cells. CellROX stains are unspecific towards ROS, meaning they quantify
all oxygen radicals. This is beneficial if the radical type is not known or the total
oxidative stress should be addressed. To discern specific stress factors, such as
superoxide, nitric oxide, or hydrogen peroxide, specific ROS or reactive nitrogen
species (RNS) stains have to be used.[224]

3.7.3 Anti-inflammatory effect

Besides reducing intracellular reactive oxygen species, polyphenols reportedly
inhibit the inflammatory signaling pathways in cells. Thereby, the inflammation
caused by either pathogens or trauma could be relieved to improve wound healing.
Since the soft tissue around the implant is particularly prone to invasion of oral
bacteria, we tested whether polyphenols reduce the inflammatory response in
human gingival fibroblasts (hGFs) stimulated by LPS derived from P. gingivalis.
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Cells were seeded on coated Ti coins and incubated for 2 h to allow cell adhesion.
Subsequently, LPS was added to the cell culture medium to induce inflammation.
However, the primary hGFs used in the cell experiments did not respond to LPS.
After testing several batches of LPS and successfully evoking an inflammatory
response in human osteoblasts (hOBs), we chose to induce inflammation in hGFs by
IL-1β. IL-1β is a pleiotropic cytokine expressed in a variety of cells upon infection
and injury.[225] Hence, assessing the expression of inflammatory cytokines upon
stimulation with IL-1β shifts the analysis towards the trauma-induced inflammation.

The expression of pro-inflammatory markers and the activation of the NF-κB
signaling pathway was assessed by multiplex and ELISA, respectively. Since
cytokines are expressed and released into the cell culture medium after the
inflammatory stimulus has been processed, the levels were quantified after 6 h, 24 h,
and 48 h. In contrast to cytokine expression, phosphorylation of NF-κB requires
cell lysis and thus, the temporal activation cannot be obtained for the same sample.
Further, activation of the NF-κB signaling pathway occurs early after stimulation
with IL-1β. Therefore, 0.5 h, 1 h, and 2 h time points were chosen for analysis.

3.8 Adhesion and biofilm formation of Candida albicans

The oral microbiome consists of a broad variety of micro-organisms which can
colonize surfaces in the oral cavity including implants.[226] Some species form
biofilms, which can harbor different commensal and pathogenic bacteria.[67] These
multi-species biofilms pose a risk for the infections and inflammation of the gingival
tissue. A commonly neglected micro-organism forming oral biofilms is C. albicans.
Recent studies have shown that this fungus may play an important role in oral
health as it can facilitate the adhesion of other oral pathogens.[227] Therefore, the
effect of polyphenolic coatings on the growth and adhesion of C. albicans was
assessed.

Growth inhibition of C. albicans was assessed in a biofilm model in which coins
were incubated with yeast cells at 37 °C (Figure 3.6). After 6 h, 24 h, and 48 h
the coins were rinsed and sonicated to determine the amount of cells in early,
mature, and late biofilms.[228] In order to quantify the cell growth, a C. albicans
strain which expresses click beetle luciferase during activation of the ACT1 gene
was chosen.[229] ACT1 is a housekeeping gene responsible for the transcription of
the cytoskeletal protein actin. This enables the assessment of the overall growth
associated with ACT1, which is proportional to the amount of expressed luciferase.

The cell growth was then quantified by luminescence reading. Therefore,
luciferin has to be supplemented as substrate for luciferase. However, luciferin
is not cell permeable and cell lysis is required for the analysis at discrete time
points. This increases the necessary steps and the required time for the analysis
compared to other methods, such as the colorimetric detection of the metabolic
activity by a XTT assay. Yet, this method is a simple alternative for assessing
gene expression compared to polymerase chain reaction (PCR) analysis. However,
in our study, we observed that the number of cells in biofilms was not high enough
to produce a distinguishable luminescence signal. Therefore, colony forming units
(CFUs), optical density (OD), and total biomass were also quantified to support
the luminescence data. Further, the biofilms were fixed and dehydrated to image
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Figure 3.6: Experimental setup to determine the growth and adhesion of C. albicans.
Biofilm formation was assessed after incubating fungal cells for 6 h, 24 h, and 48 h on
coated Ti coins. The adhesion was studied using microchannel slides under constant
flow resulting in shear forces of 0.1 dyn cm−2.

the cells by SEM. However, the biofilms were found to disrupt during the sample
preparation for SEM. Thus, the biofilm should be imaged, for example, by confocal
microscopy after staining the cells with SYTO–9 dye.

In this work, the growth rate of C. albicans was determined in yeast–peptone–
dextrose (YPD) medium at 37 °C. These conditions favors the growth of the
fungus in yeast form. For a more virulent filamentous growth, hyphae formation
can be induced by supplementing serum, or changing to anaerobic culture
conditions.[230,231] For this purpose, the C. albicans HWP17 strain is also available
with modifications encoding the luciferase sequence in relation to EFG1 and HWP1
promotors. Thereby, filamentation and hyphae formation of C. albicans can be
studied by luminescence on a gene level.

Besides inhibition of fungal growth, reduced adhesion may also curb the
colonization of implant surfaces. Since the oral cavity is subject to salivary flow,
an experimental setup was chosen where cells are subject to constant flow in a
microchannel (Figure 3.6). A key factor in studies determining the adhesion of
cells under flow condition is the flow speed, which determines the shear stress
of cells on the surface. In the oral cavity, the shear stress can reach up to 1 Pa
(10 dyn cm−2).[232] However, in interstitial spaces, the fluid flow may be lower and
biofilm models typically adopt shear stresses in the order of 0.1 dyn cm−2.[233] Thus,
a flow chamber was chosen that elicits a fluid shear stress (τ) of 0.1 dyn cm−2 under
a flow rate (Φ) of 100 µL min−1 and the dynamic viscosity (η) of PBS according to
Equation 3.12.1 Laminar flow was confirmed according to the Reynolds number
(Re = 10), correlating the fluid density (ρ), η, and the flow speed (v) of PBS with
the hydraulic diameter (DH) of the flow chamber (Equation 3.13).

1104.7 = empirical value for 0.4 mm channel slides provided by the manufacturer
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τ = η · 104.7 · Φ (3.12)

Re = ρ v DH

η
(3.13)

To monitor the adhesion of fungal cells using fluorescent microscopy, C. albicans
was dispersed in PBS. The stock solution was diluted to OD600 = 0.03 and stained
with SYTO–9 dye. The stained cells were then continuously flown through the
microchannel slide at a flow speed of 100 µL min−1 and the adhesion was monitored
for 30 min until the surface was saturated. To further mimic surfaces in the oral
cavity, a salivary pellicle was formed on coated substrates for 30 min before the
yeast cells were allowed to adhere. Several images were then taken after rinsing
with PBS and adherent cells were counted by ImageJ software.
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Summary of Key Findings

4.1 Chemistry of polyphenolic coatings

In Paper I, the use of silicic acid (Siaq) for a surface independent formation of TA
coatings was shown for the first time. The TA coating formation depended on the
Siaq concentration and was most effective around 100 µM. Compared to Siaq, boric
acid inhibited the coating formation and the polymerization reaction of TA without
influencing its oxidation reaction. Germanic acid on the other hand enabled the
deposition of TA, but it caused more precipitation compared to Siaq. Transition
metal cations, such as Fe3+ instantly reacted with polyphenols, precipitating and
inhibiting any continuous coating formation. While Siaq had no effect on PG and
GA deposition, a positive correlation was observed for EA. Since EA possesses two
sites with vicinal hydroxyl groups similar to TA, a cross-linking mechanism was
proposed.

Direct evidence for the complexation of Siaq with TA in the coating was
then obtained by MAS–NMR in Paper II. Once the cross-linking mechanism
was established, the requirement for oxidative conditions to deposit TA was
questioned. Successful formation of coatings based on such silicate–TA networks
in acidic environment proved that oxidation was not required. In addition, the
coating formation at slightly acidic levels reduced the formation of byproducts and
precipitates caused by the oxidation reactions. Thus, the layer thickness obtained
during a 24 h coating process could be increased by approximately 50 %. The
kinetic analysis showed a faster initial coating rate in alkaline conditions suggesting
the involvement of base catalyzed deprotonation of hydroxyl groups. Hence, a
continuously stirred tank reactor (CSTR) type setup was proposed in Paper II to
enable a high deposition rate with limited side reactions. The change in pH further
allowed us to prepare TA coatings with different oxidation states. TA coatings
obtained at pH = 6.8 (TA68) showed less oxidization compared to TA coatings
obtained at pH = 7.8 (TA78), as was shown by FTIR and the increasing Ag+
reduction on TA68 in Paper V.

In Paper III, we have shown the influence of the ionic strength on the deposition
of TA coatings. Besides investigating the ionic strength, we also showed how the
type of cation in LiCl and KCl impairs the layer formation compared to NaCl. K+

primarily results in strong cation-π interactions and precipitation of TA in the
range of pH = 6 to 11, whereas Li+ inhibited the coating formation. The latter
was mainly attributed to the hydrolytic action of Li+ forming GA radicals. In
addition, we observed potential interaction between Li+ and Siaq using QCM–D.

In contrast to the cross–linked TA network structures, PG coatings were
based on auto-oxidative polymerization. Despite the oxidation reaction, pyrogallol
coatings obtained at pH = 7.0 (PG70) were equally antioxidant as TA68 coatings
(Paper V). The difference between the coating mechanisms of these polyphenolic
molecules was also reflected in the obtained layer density. TA layers were less
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dense and more hydrated than PG layers. Consequently, the different formation
mechanisms and layer properties affected the stability of the coating under different
pH conditions. Silicate–TA networks were more susceptible to disassembly at low
pH values compared to PG coatings, as shown in Paper IV. In regard to surface
chemistry, both TA and PG coatings were hydrophilic and negatively charged
(Paper V).

4.2 Biological response

4.2.1 Effect on early wound healing processes

In Paper IV, we have shown how Ti surfaces coated with TA and PG may impact
the foreign body reaction. Upon initial contact of the modified surfaces with
blood, plasma protein adsorption was increased compared to Ti. The coatings
changed particularly the adsorption kinetics of principal blood components, such
as albumin, fibrinogen, and immunoglobulin G (IgG). The altered conditioning film
subsequently affected the innate immune response. Activation factors for both the
classical (C4d) and the alternative (C3bBbP) complement pathways were found.
However, the coatings reduced the formation of TCC, suggesting the inhibition
of the subsequent amplification cascade. In contrast, high concentrations of TAT
and F1+2 verified that the blood coagulation was not affected. These results were
corroborated by activation of platelets. In contrast, monocytes and granulocytes
were not activated, which was in accordance with a low expression of inflammatory
cytokines.

We found that the antioxidant properties of TA and PG were maintained in
TA68, TA78, and PG70 coatings. Studying the response of hGFs towards the
polyphenolic coatings attested their cytocompatibility but showed signs of DNA
damage in the cells. In contrast, the capacity of the coatings to scavenge radicals
resulted in the reduction of intracellular ROS after the exposure of hGFs to TBHP.
TA68 showed best protection against oxidative stress amongst the tested coatings,
due to their less oxidized nature and higher amount of released molecules compared
to TA78 and PG70. None of the modified surfaces were able to inhibit the LPS/IL-
1β induced inflammatory response in hGFs. The proposed inhibitory mechanism
by blocking the NF-κB signaling pathway was not observed.

4.2.2 Antimicrobial activity

In Paper V, the inhibition of surface colonization of Candida albicans by
polyphenolic coatings was investigated. The growth and biofilm formation of C.
albicans was not affected by either TA68, TA78, or PG70 due to a low concentration
of released molecules. Although we observed a slight reduction of fungal cell
adhesion on the coatings, the colonization could not be inhibited under flow
condition. To mimic the oral environment the formation of salivary pellicles on
coated surfaces was studied. We found that the structure of the protein film
was influenced by the coatings. However, C. albicans adhered to the protein
layer similarly to the bare polyphenolic coatings. Despite the adhesion of the C.
albicans cells was not inhibited, the pH-responsive disassembly of polyphenolic
layers allowed to detach adherent yeast cells.
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Discussion

Dental implants are transmucosal implants and their interface is constantly
challenged by microbial invasion in the oral cavity. To ensure that microbes
do not colonize the implant surface, control of the early phase in wound healing
is important to form a close seal between the wound and the oral environment,
resulting in a well-integrated implant. Although titanium dental implants are for
the most part fully osseointegrated, peri-implant mucositis and peri-implantitis
still affect a significant portion of the patients.[234] Particularly, patients with
a history of periodontitis or autoimmune diseases show a higher prevalence of
peri-implantitis, due to impaired wound healing and chronic inflammation caused
by infection of the peri-implant soft tissue.[41]

To support tissue integration of dental implants, a variety of surface
modifications have been studied.[9,95] So far, more focus has been put on the
bone interface, neglecting the gingival soft tissue.[39] This trend is also represented
in current commercially available implants, which feature different topographical
surface modifications of the implant body. While increasing the roughness of
an implant surface results in a firmer anchoring in bone tissue,[92] the problem
with rough or even porous surfaces is that they also present a niche for bacterial
colonization.[40,235] Therefore, the interface in contact to the soft tissue is typically
smooth. However, this does not promote attachment of connective tissue.[236] In
the resulting peri-implant pocket subgingival plaque can be formed.[67]

To counteract and treat infections around dental implants, antibiotics are
commonly administered.[60,237] With the emergence of antibiotic resistances, there
is, however, a growing risk that this method will no longer be effective and justifiable
in the future.

Therefore, alternative strategies need to be developed to support wound healing
and prevent microbial colonization of implants. This has led to the emergence of
biochemical surface modification to evoke a desired cell response through signaling
molecules, growth factors, or bioactive drugs tethered to the surface.[95,238] For
this purpose, polyphenolic molecules have attracted interest in recent years due to
their anti-inflammatory and antimicrobial properties.[132,239] Since these molecules
feature the ability to form surface independent coatings,[113] they are potential
candidates to create multifunctional biomedical surfaces.

5.1 Formation and characterization of polyphenolic coatings

After the first report on the adhesive properties of polyphenols, studies on the
adsorption and coating formation found that a broad array of polyphenolic molecules
are able to form surface coatings.[113,162] Thereafter, first kinetics studies of the
coating formation of TA brought further knowledge on the adsorption process under
different conditions.[163,164] These studies suggested that TA and PG coatings were
formed via oxidative polymerization under alkaline conditions. However, after
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further research we suggested in Paper I that TA coating formation is mediated by
aqueous silicic acid (Siaq). This was then confirmed in Paper II, where we showed
direct evidence that Siaq acts as a cross-linker of TA molecules (Figure 5.1).
Thus, coatings based on silicate–TA networks are closely related to the formation
of Fe3+-based metal phenolic network (MPN) structures. MPNs have been
thoroughly investigated for a facile surface modification of various materials as
well as drug encapsulation.[240] Based on the broad research on the physical
and chemical interactions of these cross-linked networks,[165,241,242] similarities
can be drawn in the behavior of silicate–phenolic networks and MPNs. Both
systems depend on the ionic strength and the pH of the coating solution.[243,244]
In contrast to Siaq, the complexes of TA and Fe3+ form rapidly due to the high
affinity of catechol to Fe3+.[245] This renders a continuous deposition of MPN
difficult and requires a controlled conversion of Fe2+ to Fe3+.[246,247] Besides cross-
linking by iron, most other transition metal cations have also been suggested for
this purpose.[244] Although the type of cross-linking ion affects the stability of
the coordination complexes,[248] the possibility to change the ion allows the use
of functional ions. Cu2+ or Re3+-based MPNs for example have shown potent
antimicrobial properties.[249,250] However, due to the cytotoxicity of some of these
transition metal ions, issues with biocompatibility have to be considered.
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Figure 5.1: TA coatings are assembled trough silica cross-linking. PG coatings form
trough the oxidation of PG resulting in irregular polymeric structures.

Although iron-based MPN have been suggested for a variety of biomedical
applications,[166] their use for antioxidant and anti-inflammatory coatings is has not
yet been well studied. Indeed, it may even be detrimental to use Fe3+-based MPNs
in these applications. Since these structures disassemble in acidic environment,[155]
potential Fenton reactive Fe ions are released.[130,251] Silicate–phenolic networks
also disassemble in acidic environment (Paper IV), but the release of Si(OH)4 may
in fact be beneficial in supporting wound healing by increasing the proliferation
rate of fibroblasts.[252] Alternatively, boron and germanium can be used as inert
cross-linkers. Similar to Si, B and Ge form tetravalent complexes with catechol
molecules.[253,254] Using boron, cross-linked TA hydrogels are reportedly formed at
pH = 7.4.[255–257] However, we did not obtain TA coatings when using boron as
cross-linker (Paper I). In contrast, germanate complexation led to the deposition
of TA. However, the most effective deposition of TA was obtained using Siaq
for which layers with thickness beyond 100 nm can be formed. The amount of
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deposited polyphenolic molecules was of particular interest, since TA and PG
coatings previously showed the release of molecules into solution.[172] We harnessed
the release behavior and opted for an increase of the mass of the polyphenolic
coatings. Thereby, reported concentrations for antimicrobial, antioxidant, and
anti-inflammatory properties could be reached.[258–260]

The assembly of MPNs is also affected by the ionic strength.[241,243] Adding
inert counter ions is required to overcome the electrostatic interactions of the
negatively charged phenolic molecules (TA pK1

a = 7.9).[116,241] While iron-based
MPN are formed under various different ionic strengths and different salts,[241,243]
the formation of silicate–phenolic networks was more susceptible to changes in
the ionic strength and the type of cation in the coating solution (Paper III).
On the other hand, the type of anion was not found to affect the formation
of TA coatings (Figure A2).[261] In general, cations are more important than
anions as they can interact with deprotonated, negatively charged polyphenols and
participate in cation-π interactions.[262] These interactions depend on the cation
size, electronegativity and hydration shell.[118] Further, factors of the solution,
such as the pH and polarity, affect cation-π interactions.[263,264] Such cation-π
complexes were observed between TA and K+, which inhibited the formation of
TA coatings in a range from pH = 6 to 11 (Paper III). Li+ also showed inhibitory
effect on the coating formation, however, the mechanism was different to K+. In
solutions containing LiCl, we observed changes in the electronic structure of TA
and its hydrolytic cleavage yielding GA. This may be caused by the tendency of Li+
to form σ–type interactions with catechols compared to a predominantly π–type
interaction of Na+ and K+.[265]

In comparison to silicate–phenolic networks, PG coatings rely on auto-oxidative
polymerization. This mechanism is analogous to the formation of polydopamine
coatings and proceeds through radical intermediate steps.[154,160] This radical
formation proceeds through proton abstraction in alkaline environment, followed
by electron transfer to dissolved oxygen.[138,139,146,266] (Figure 1.8). Oxidative
polymerization is commonly induced by alkaline pH and dissolved oxygen, but
enzymatically driven processes and the use of chemical oxidants are also being
investigated.[267–270] An important consequence of the different coating mechanism
is the condition in which TA and PG coatings can be deposited. In contrast to
oxidative polymerization, we have shown that silicate–phenolic networks also form
in anoxic environment (Paper I). In addition, the formation of TA coatings in
acidic solutions suggest that oxidation is not required in the formation of silica
coordination bonds. Since the requirement for both alkaline pH and dissolved
oxygen in the formation of TA coatings was excluded, we suggest that the formation
of silicate–phenolic networks does not involve formation of polyphenolic radicals.
Yet, the increased kinetics of the TA coating formation at slightly alkaline conditions
indicates a base catalyzed process.

While there is direct evidence for the polymeric nature of polydopamine
coatings,[271,272] there is a variety of polymeric structures that have been proposed
for PG (Figure 5.1).[273,274] These structures differ due to the uncontrolled radical-
mediated reaction and the formation of cation-π assemblies.[262] In Paper III, we
have shown that the formation of PG coatings is also dependent on the type of
cation present in the coating solution. While monovalent ions did not inhibit
the PG deposition, Mg2+ resulted in thicker PG coatings.[164] Mg2+ could either
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form a more stable cation-π interaction compared to monovalent ions, or support
the radical-mediated polymerization through spin stabilization of the radical
intermediate.[275,276]

Evidently, the nature of polyphenolic coatings is complex. Due to the broad
variety of interactions, the coating formation may not follow a straightforward
chemical route. It is likely that ionic interaction and covalent polymerization
occur simultaneously, depending on the coating conditions.[277] The variation in
chemistry can subsequently affect the properties of the molecules released from the
surface. While TA molecules in the silicate–TA networks appear to stay rather
intact (Figure A6), partial oxidation or hydrolysis of TA can occur, forming
EA.[263] The auto-oxidative polymerization of PG allows an even greater variability
of formed polymers. Therefore, a more detailed study of the chemical structure of
the coatings is required. Since FTIR spectra did not provide sufficient information
for a full structural determination (Paper V), mass spectroscopy and NMR of the
released molecules may reveal their structure. Fundamental understanding of the
structure of the coating and the released molecules is important to correlate their
chemical properties with the biologic response of cells and human tissue.

5.2 Effect of polyphenolic coatings on wound healing

Although the structure of polyphenolic coatings is not fully clarified, their
ability to change the surface chemistry is used in a variety of biomedical
applications.[166,169,170] While some studies have shown improved cell attachment
and proliferation on polyphenolic coatings,[278,279] the overall effect of the coatings
on wound healing in vivo has not yet been reported. Indications for their antioxidant
and anti-inflammatory properties are mostly studied in in vitro using dissolved
polyphenols.[125,280] Further, research using polyphenolic coatings has thus far
focused on osseointegration and not on the soft tissue response.[172,281] However,
positive results on soft tissue repair have been obtained for the release of polyphenols
from hydrogels.[282,283] Thus, modifying implant surfaces with polyphenols as a
source of anti-inflammatory molecules may improve wound healing and tissue
integration.

However. the polyphenolic surface is not directly exposed to cells. Directly
after placing the dental implant, its surface will be covered by blood and saliva.
The initial adsorption of proteins and signaling molecules determines the response
of cells recruited to the implant surface. Activation of the complement system can
trigger the inflammatory response and the coagulation cascade starts to form a
blood clot, providing the initial matrix for tissue remodeling. In Paper IV, we have
shown how the polyphenolic surfaces change the blood plasma protein adsorption
compared to bare Ti surfaces. Since polyphenols can react with proteins and bind
them irreversibly, they generally show a high adsorption of proteins.[284] Adsorption
of proteins onto surfaces can also induce conformational changes, especially on
hydrophobic surfaces.[86] Although polyphenolic coatings are hydrophilic in nature
(Paper V), changes in protein conformation on TA surfaces have been reported.[285]
Further, we have observed that the irreversible binding of LMW proteins impairs
the subsequent adsorption of other proteins (Paper V). This may also affect the
cell adhesion, which is facilitated by binding of fibronectin to fibrin during blood
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coagulation.[286,287]
Despite the changes in protein adsorption on polyphenolic coatings, our study

showed that the coagulation system was equally activated compared to native
Ti surfaces.[217] The activation of coagulation is important to form a blood clot,
which closes the wound and prevents microbial invasion. Further, the formation
of thrombin is also linked to increased osteogenic differentiation enhancing bone
formation.[217,288]

While activation of the coagulation is beneficial, the activation of the
complement system by the implant surface causes further stimulation of the
inflammation in addition to the surgical trauma.[289] The alternative and classical
complement pathways are triggered through the adsorption of complement
components and antibodies.[26] The subsequent attraction of leukocytes and their
inflammatory stimulation can affect the wound healing process.[290,291] In our study,
we have observed activation markers for both complement pathways. This is caused
by the protein conditioning film, which generally causes adsorption of complement
components.[84] However, the formation of terminal complement complex (TCC)
was inhibited and monocytes and granulocytes were not activated to express
inflammatory cytokines. However, PG70 coatings increased the expression of IL-8,
a potent chemoattractant for leukocytes,[292] which could influence the foreign
body response.

In case of trauma induced inflammation or microbial invasion of the peri-
implant tissue, the antioxidant and anti-inflammatory properties of polyphenols
could reduce the further amplification of the inflammatory response and prevent
tissue damage. As mentioned previously, TA and PG coatings release molecules
from the surface.[172] In particular, the disassembly of TA coatings in acidic
conditions could be utilized under inflammatory condition, where local acidosis
triggers the release of polyphenolic molecules into the surrounding environment.
These released molecules have an anti-inflammatory effect as they scavenge ROS
and reduce the intracellular oxidative stress in hGFs (Paper IV). Thereby, the
inflammatory feedback loop can be stopped and hGFs can be protected from
ROS released by neutrophils and macrophages.[293] In addition, the ROS induced
DNA damage in hGFs was reduced in the presence of polyphenolic coatings, which
supports their antioxidant properties. However, without external ROS, polyphenols
increased DNA damage compared to Ti surfaces. Evidence for pro-oxidant effects
of polyphenolic molecules have been reported previously.[149] However, polyphenols
have also been found to stimulate DNA repair mechanisms.[294] Hence, there is a
conflict about the pro- or antioxidant effect of polyphenols in literature.[152] In our
experiments, we observed that the cells proliferated phenotypically normal without
clear indications of cytotoxic effects of the coatings. This is in good accordance
with a previous study, in which the coatings did not evoke an inflammatory or
cytotoxic response in hOBs.[172]

Besides scavenging ROS, polyphenols have also shown to modulate the
DAMP associated signaling pathways to reduce the inflammatory cytokine
expression.[295–297] Upon infection of the oral tissue by microbes, cells recognize
LPS, which typically induces inflammation through activation of the NF-κB signal
transduction.[55] Similar to LPS, IL-1β activates the NF-κB signaling pathway.[298]
However, under IL-1β stimulation, we did not observe reduced expression of pro-
inflammatory cytokines in hGFs or the inhibition of NF-κB phosphorylation. A
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similar result has previously been obtained with quercitrin coatings,[299] suggesting
that hGFs are under too much stress by stimulation with IL-1β. IL-1β is a
pleiotropic cytokine and could activate also other signaling pathway besides the
classical NF-κB activation.[52,300] This could have bypassed the inhibitory function
of polyphenols affecting the MyD88-NF-κB signal transduction.[122] Moreover,
the effect of polyphenols on cell signaling pathways is strongly dependent on
the cell type. In macrophages for example, the anti-inflammatory effect of
polyphenols reduces the pro-inflammatory M1 polarization (Figure 1.4).[301,302]
Thus, polyphenols have a broad variety of targets to reduce the initial inflammatory
response in different cell types.

Regarding the late wound healing stage, polyphenolic coatings show promising
results for supporting osseointegration through stimulation of osteoblasts and
inhibition of osteoclast activity.[281,303,304] Several studies have reported osteogenic
properties of polyphenolic coatings towards stem cells.[111,305–307] However, our
previous studies with hOBs indicated that TA and PG delayed osteoblast
maturation.[172] Finding the correct balance in osteoblast and osteoclast activity
is important since reduced activity of either cells could impose negative effects
on the bone remodeling process. In addition, more evidence is required for the
soft tissue attachment on polyphenolic coatings. There is initial evidence that
polyphenolic coatings improve cell attachment, which could strengthen the soft
tissue integration.[279] Further increase of cell attachment and proliferation could
be achieved by tethering growth factors to the implant surface via polyphenolic
coatings.[308,309] Ultimately, there is a need for convincing in vivo data on tissue
integration of polyphenolic-modified surfaces. Only a few studies suggest a beneficial
bone regeneration and improved wound healing in vivo using coated surfaces or
polyphenolic gels.[282,310,311] Thus, further studies are needed to evaluate the overall
effect of polyphenolic coatings on wound healing.

5.3 Can polyphenolic coatings prevent peri-implant
infections?

In addition to supporting tissue integration through the modulation of the cell
response, polyphenols may also prevent microbial colonization and infection of the
implant. Inhibition of microbial growth and adhesion is the main factor affecting
the race to the surface determining the long-term success of the dental implant.[81]

In our previous studies, TA and PG coatings did not prevent staphylococcal
biofilm formation but affected their planktonic growth.[172] In this work, we studied
the biofilm formation of Candida albicans, which is an important but largely
ignored fungus in terms of periodontal and peri-implant plaque formation.[227,312]
Our polyphenolic coatings could not inhibit biofilm formation or the growth of C.
albicans (Paper V), despite numerous studies reporting growth inhibitory effects of
polyphenols.[313–315] Interestingly, growth inhibition in relation to cell wall damage
is suggested to be connected to lipid peroxidation.[316,317] Thus, these studies
utilized the pro-oxidant effect of polyphenols. Although various polyphenolic
molecules have shown potential antimicrobial effect on oral pathogens,[259,318,319]
the required minimum inhibitory concentration (MIC) for fungal growth is mostly
above 100 µg mL−1. Polyphenolic coatings, which have a thickness in the nanometer
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range, did not release such a large amount of molecules from their surface (Paper IV).
In addition, in vitro experiments typically challenge the coatings with a high number
of microbial cells. Thereby, the surfaces may quickly be saturated by cells, which
subsequently grow rapidly under sub-inhibitory concentration of antimicrobial
molecules.

The effect of polyphenolic coatings on the virulence of C. albicans has not
been addressed in our study. Investigating the hyphae formation would relate to
a more clinically relevant situation, in which the fungal cells attempt to invade
gingival tissue. A suppressed change in phenotype has been shown to reduce the
biofilm formation of C. albicans.[320] Since hyphae allow the adhesion of other
oral pathogens, inhibition of hyphae formation could inhibit the development of
multispecies biofilms harboring pathogenic oral bacterial.[227,321,322]

Apart from growth inhibition, a reduction of adhesion is a frequent approach to
prevent microbial biofilm formation.[323] Our results in Paper V, however, showed
no reduction of adherent cells to a degree that can be claimed to prevent C.
albicans colonization. Although less cells adhered to the surface under flow, it is
expected that due to the rapid growth, a biofilm will be establish after a longer
incubation time.[228] These results are in accordance with a recent study utilizing
MPN coatings to reduce microbial adhesion. The MPN-modified surfaces were
not intrinsically antimicrobial but required subsequent sulfonate modification.[108]
Another approach is the formation of structured TA multilayer films, which showed
bactericidal effects and reduction in adhesion.[111,324]

It is however questionable whether adhesion studies are clinically relevant since
they are often conducted in PBS and ignore the presence of proteins and other
biomolecules. With regard to the oral environment, the formation of a salivary
protein conditioning film masks the underlying surface properties and allows
fungal adhesion.[325] C. albicans particularly recognizes mucins, which usually cover
mucosal soft tissue.[326] Therefore, we evaluated the formation of salivary pellicles
on the polyphenolic surfaces and found differences in their viscoelastic properties
among the tested surfaces. This indicated changes in their structure but the fungal
adhesion was not affected.

Since polyphenolic coatings did not show a reduction in adhesion or growth
inhibition in vitro, a balance has to be found in the simultaneous inhibition of the
immune response and suppressed inflammatory response.[327,328] Since polyphenols
affect the microbial cell wall integrity and inhibit of efflux pumps,[127,128,132,329]
a further possible option to elicit a antimicrobial effect is the combination with
antibiotics. Utilizing this synergistic effect may increase the susceptibility of fungi
to antibiotics and reduce the emergence of drug-resistant cells.[330]

It is worth mentioning that the oral microbiome is a dynamic environment and
studies of few selected bacteria or fungi do not represent the response in vivo.[331]
Reducing one species may cause others to take over. Further, different species
may express biomolecules, which protect the whole community in the biofilm.[332]
Thus, strategies developed in vitro require verification in more biologically relevant
conditions. Currently, this means in vivo studies are required since complex in
vitro co-culture models are difficult to develop.





Chapter 6

Concluding Remarks

Polyphenolic molecules offer a broad spectrum of interactions to modulate cell
signaling pathways and relieve oxidative stress. The deposition of these molecules
on implant surfaces in the form of coatings was hypothesized to constitute a facile
method to create functionalized implant surfaces, which deliver active molecules to
the wound site in a controlled manner after implant surgery. Further, the foreign
body response may be modulated by the specific polyphenolic surface chemistry.
Thus, the aim was to reduce local inflammatory reactions to support the wound
healing processes and implant integration.

Therefore, this work investigated how coatings of the two polyphenolic molecules
TA and PG are formed and how they may affect wound healing and infections
around dental implants. Comparing the coating mechanisms between the two
molecules, we have determined that TA builds Siaq cross-linked network structures,
whereas PG polymerizes via an auto-oxidative route. The use of silicate–phenolic
networks allowed us to change the oxidative state of the coating and control the
deposition process. In further studies, it may be of interest to study whether
silicate–phenolic networks form through a radical intermediate step. Analysis of
the deposition in a radical scavenging environment may give some further insight
into the reaction pathway to increase the control over the deposition of polyphenolic
coatings. Changing the polymerization of PG via alternative mechanisms, such
as enzymatically or chemically controlled oxidation, could result in more defined
polymeric structures. This may enable the use of other polyphenols available in
the diverse library of anti-inflammatory and antimicrobial polyphenolic molecules
as surface independent nanocoatings on various implant surfaces.

The interaction of coatings with human whole blood showed that the coagulation
system was activated, which retained the thrombogenic effect of Ti surfaces. In
contrast, complement activation was reduced, which suppressed monocyte and
granulocyte activation and inflammatory cytokine expression. Therefore, we expect
an improved foreign body response on our coatings compared to Ti surfaces. The
coatings also showed potent antioxidant properties and released active molecules,
which reduced the intracellular reactive oxygen species and inhibited DNA damage
caused by oxidative stress. However, mitigation of the inflammatory response
induced by the pro-inflammatory cytokine IL-1β was not observed for human
gingival fibroblasts. This could be due to either the cells used in this work or
the use of IL-1β as the inflammatory stimulus. Thus, future studies are needed
investigate the modulating effect of polyphenols in other cells stimulated by either
LPS or IL-1β. The polyphenol-mediated response in leukocytes and macrophages
exposed to inflammatory stimuli should be a particular focus in the investigation of
the potential benefits of polyphenolic coatings in the early wound healing processes.
Thereby, a compromised immune response to infection should also be considered.

With regard to inflammation by invading pathogens, polyphenolic compounds
reportedly have antimicrobial effects against a broad variety of oral pathogens.
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However, our polyphenolic coatings did not inhibit the growth and biofilm formation
of C. albicans. Further, no reduction of fungal adhesion was observed either on TA
and PG coatings or on saliva-coated surfaces. In future studies, reduction of hyphae
formation of C. albicans by the polyphenolic molecules could be evaluated as a
strategy to reduce the virulence of C. albicans. Additionally, microbial colonization
of modified surfaces should be considered in experimental setups which challenge
the surfaces in conditions that match the oral environment.

In case TA and PG modified surfaces do not present appropriate anti-
inflammatory and antimicrobial properties, additional modifications can be realized
by harnessing the known reactivity of polyphenols.[167] Potential options for
secondary functionalization are the incorporation of drugs, ions, or growth-
factors into the layer to support regenerative processes. Alternatively, build-up
of multilayers or tethering bioactive molecules onto the final polyphenolic coating
are possible strategies to obtain multifunctional coatings with improved wound
healing properties.

In summary, we have obtained control over the deposition of TA and PG
to create nanocoatings with a thickness above 100 nm. Thereby, the release
of anti-inflammatory molecules from the surface was increased. However, the
biological response should be investigated in more detail, and whether or not
these polyphenolic coatings are able to reduce infections and inflammation in a
clinical setting remains to be tested. In particular, the selective reduction of the
immune reaction to implant surfaces whilst not compromising the capacity to fight
infectious microorganisms will be a challenge. This ultimately determines whether
future implants can be envisioned similar to those pictured in Figure 6.1.

Figure 6.1: If the future research on polyphenolic surface modifications shows a
significant improvement in wound healing in a clinical setting, a new generation of
titanium dental implants may look like the coated implant on the right.



Glossary

Notation Description
ABTS 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid,

a radical used in colorimetric antioxidant assays. 27,
28, 33, 79

ACT1 actin protein 1. 34
AFM atomic force microscopy. 23, 24
ATR attenuated total reflection. 18, 25, 26

BMP bone morphogenetic protein. 8

C complement component.
C3. 2
C3a. 2, 5
C3bBbP. 31, 38
C4d. 31, 38
C5. 2
C5a. 2, 5

CFU colony forming unit. 34
CSTR continuously stirred tank reactor. 37

DAMP damage-associated molecular pattern. 5, 6, 43
DPPH 2,2-diphenyl-1-picrylhydrazyl, a radical trap to study

chemical reactions involving radicals. 27

EA ellagic acid. 10, 11, 15, 17, 37, 42, 77
ECM extracellular matrix. 3, 4
EDS energy dispersive x–ray spectroscopy. 24, 25
EFG1 enhanced filamentous growth protein 1. 35
ELISA enzyme linked immunosorbent assay. 31, 32, 34
EOF electro–osmotic flow. 27
EPR electron paramagnetic resonance. 28, 29
ESI electro–spray ionization. 25

F1+2 prothrombin fragment 1 and 2. 3, 31, 38
FTIR Fourier transform infrared. 18, 19, 25, 26, 37, 42, 79

GA gallic acid. 10, 11, 15, 17, 29, 37, 41, 73, 77, 78

H2DCFDA 2’,7’-dichlorodihydrofluorescein diacetate, a cell-
permeant indicator for reactive oxygen species. 33

hGF human gingival fibroblast. 33, 34, 38, 43, 44
hOB human osteoblast. 34, 43, 44
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Notation Description
HPLC high–performance liquid chromatography. 17, 30, 73
HWP1 hyphal wall protein 1. 35

IgG immunoglobulin G. 38
IL interleukin.

IL–1. 5, 34, 38, 43, 44, 47
IL–6. 5
IL–8. 43

IRAK interleukin–1 receptor associated kinase. 5

LC liquid chromatography. 25
LDH lactate dehydrogenase. 32
LIFT process of elevating the potential of the ions. 78
LMW low molecular weight. 8, 10, 42
LPS lipopolysaccharide. 5, 6, 33, 34, 38, 43, 47

MALDI–TOF matrix-assisted laser desorption ionization – time-of-
flight mass spectroscopy. 25, 77, 78

MAPK mitogen-activated protein kinase. 5
MAS–NMR magic angle spinning NMR. 26, 37
MIC minimum inhibitory concentration. 44
MPN metal phenolic network. 14, 15, 18, 40, 41, 45
MS mass spectrometer. 25
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide, a tetrazole dye used in colorimetric assay
for assessing cell metabolic activity. 32

MyD88 myeloid differentiation primary response 88. 5, 11, 44

NF-κB nuclear factor kappa B. 5, 11, 34, 38, 43, 44
NMR nuclear magnetic resonance. 19, 26, 28, 42
NPS nanoplasmonic sensing. 20–22
NR neutron reflectometry. 22, 23, 75

OD optical density. 34
OWRK Owens, Wendt, Rabel, and Kaelble defined a standard

method for calculating the surface free energy. 27

PAMP pathogen-associated molecular pattern. 5, 6
PBS phosphate buffered saline. 29, 32, 35, 36, 45
PCR polymerase chain reaction. 34
PEG polyethylene glycol. 8
PG pyrogallol. 10, 11, 15–18, 27, 37–44, 47, 48
PG70 pyrogallol coatings obtained at pH = 7.0. 37, 38, 43
PGG pentagalloyl glucose. 29
PI propidium iodide. 33
PRP proline-rich protein. 10

QCM–D quartz crystal microbalance with dissipation monitor-
ing. 19–23, 29, 30, 37
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Notation Description

RGD cell adhesion domain. 8
RNS reactive nitrogen species. 33
ROS reactive oxygen species. 5, 6, 11, 16, 33, 38, 43

SDS–PAGE sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis. 30, 80

SEM scanning electron microscopy. 24, 25, 32, 35
Siaq aqueous silicic acid. 15, 37, 40, 47, 79
SLD scattering length density. 22, 23, 76
SPLET sequential proton loss electron transfer. 12
SPR surface plasmon resonance. 21, 22
ss-NMR solid-state nuclear magnetic resonance. 26
STAT3 signal transducer and activator of transcription 3. 5

TA tannic acid. 10, 11, 14–19, 22, 25–27, 29, 37–45, 47,
48, 73–75, 77–79

TA68 TA coatings obtained at pH = 6.8. 37, 38
TA78 TA coatings obtained at pH = 7.8. 37, 38
TAT thrombin–antithrombin complex. 3, 31, 38
TBHP tert-butyl hydroperoxide. 33, 38
TCC terminal complement complex. 2, 31, 38, 43
TEAC trolox equivalent anti-oxidant capacity. 27
TF tissue factor. 3
TNF-α tissue necrosis factor alpha. 5
TOF–SIMS time-of-flight – secondary ion mass spectroscopy. 25,

77

UV–vis UV–visible light. 18

WBSSH White, Bate-Smith, Swayne, and Haslam defined
polyphenols. 9, 10

XPS X–ray photoelectron spectroscopy. 25
XTT 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-

tetrazolium-5-carboxanilide, tetrazole dye used
in colorimetric assay for assessing cell metabolic
activity. 34

YPD yeast–peptone–dextrose. 35
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Figure A1: C18 reverse–phase HPLC. Commercially pure TA contains different
phenolic molecules. All batches contained a high content of GA, which elutes at 8 min
compared to TA at 24 min. TA MKCD6313 showed a major contamination eluting after
17 min. Lot MKBN9606V showed least contamination and was used for all studies.
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Figure A2: Due to the acidic properties of TA, coating solutions have to be buffered
to maintain the same pH level throughout the experiment. Compatible organic buffers
are either HEPES or bicine. Tris interacts with polyphenols via its primary amine
group.[333] For inorganic buffers, sodium phosphate is more applicable compared to
potassium phosphate, which interacts with polyphenols in the range between pH = 6 and
pH = 11. Additionally, the ionic strength has to be adjusted with NaCl. Alternatively,
NaF can be used.
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Figure A3: NR was used to characterize the morphology of TA coatings deposited
under two pH conditions. (A) The initial experiment in heavy water (D2O) showed
no characteristic features in the data obtained for the full q-range. (B) Repeating
the measurement in H2O at pH = 7.8 and (C) pH = 6.8 also lacked a distinct fringe
pattern. Similar to the measurement in D2O the lack of features and the identical
signal of final buffer rinse with the initial characterization suggested either no coating
formation on the Si crystal, or lack of NR contrast.
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Figure A4: A characteristic reflection curve on a polished Si crystal with a 25Å oxide
layer results in no fringe pattern. Once a layer with a thickness of 50 nm is added,
distinct fringes are expected. However, in case the layer is hydrated the contrast in
SLD is reduced and the fringe pattern becomes less distinct. More striking is the effect
of a surface roughness, which may occur due to adsorption of polymers or an uneven
coating deposition. Finally, due to the limitation of the neutron flux, each time step
requires a certain acquisition time. If the thickness increases within that time frame,
the final signal is almost featureless due to the gradual signal average.
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Figure A5: TOF–SIMS analysis of TA coating obtained in HEPES at pH = 7.8. The
molecular structure of the coating was probed with C60 clusters, which have a lower
ionization energy. However, in contrast to MALDI–TOF, no distinct fragmentation
pattern was obtained, besides potential evidence of GA dimers with a mass of 302 Da
(EA).
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Figure A6: Surface MALDI–TOF of TA coatings using DHB as matrix showed a
distinct fragmentation pattern of the molecule. The spectrum in positive mode shows
intact TA as its sodium adduct at 1723 Da. Lower molecular weight fragments show
the removal of galloyl units (152 Da) and GA (170 Da). The LIFT spectrum shows
the secondary fragmentation pattern of the parent molecule, and corroborates the
identification of TA with its structural subunits of GA and galloyl fragments.
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Figure A7: Surface analysis using a Raman microscope (Renishaw, inVia). Similar
to FTIR, Raman spectroscopy did not result in any evidence of Si–O–Ar groups
around ν = 1100 cm−1 in the TA coating (CSTR, HEPES pH = 7.8, 80 µM Siaq,
600 mM NaCl).[201,334] The spectrum of the coating was recorded at a wavelength of
488 nm, whereas the spectra for both reference samples were obtained at 785 nm. TA
showed high fluorescence at both IR laser wavelengths. Spectra were corrected for the
baseline shift. Although the laser was pulsed with 10 exposures for each 10 seconds,
visible coating degradation occurred during the measurement. The film thickness was
approximately 350 nm to avoid interference with the signal of the Si substrate (Si–Si
ν = 522 cm−1).
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Figure A8: The antioxidant capacity of polyphenolic coatings was visualized in
a radial diffusion method. The ABTS radical was embedded in an agar gel and
coated coins were placed in the center of the cast gels. During the course of 24 h, the
discoloration of the ABTS radicals away from the interface of the coin shows the radical
scavenging capacity of the polyphenolic molecules, which are released from the coated
surfaces.
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Figure A9: SDS–PAGE of salivary proteins. Saliva was incubated in presence of
coated coins for 1 h to form a pellicle. The supernatant was collected, and the coins
were sonicated for 10 min in 1 % SDS solution. The solution was then freeze–dried and
resuspended in 100 µL water. The absorbance at λ =280 nm indicated concentrations
below 1 mg mL−1. The concentration of the saliva reference and supernatant samples
was adjusted to 1 mg mL−1 before dilution with Laemmli sample buffer.
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Abstract: Surface modification with polyphenolic mole-

cules has been pursued in biomedical materials owing to

their antioxidant, anti-inflammatory, and antimicrobial

characteristics. Recently, the use of silicic acid (Siaq) as a

mediator for efficient surface deposition of tannic acid

(TA) was reported, but the postulated Si-TA polymeric net-

works were not characterized. Herein, we present unam-

biguous evidence for silicate-TA networks that involve Siÿ

OÿC motifs by using solid-state NMR spectroscopy, further

supported by XPS and ToF-SIMS. By using QCM-D we

demonstrate the advantages of Siaq, compared to using

transition-metal ions, to improve the coating efficiency

under mildly acidic conditions. The presented homoge-

nous coating buildup and validated applicability in inor-

ganic buffers broadens the use of TA for surface modifica-

tions in technological and biomedical applications.

Polyphenolic molecules are well known for their antioxidant

properties[1] and thus have been utilized in biomedical applica-

tions as anti-inflammatory,[2] antimicrobial,[3] and anticancer

agents.[4] Due to the substrate-independent adhesive proper-

ties of catechol units, polyphenolic molecules have recently

gained substantial attention toward creating novel bioinspired

multifunctional material surfaces.[5] Tannic acid (TA) is a natural-

ly derived hydrolysable polyphenolic molecule consisting of

five to ten galloyl units on a central glucose ring (Scheme 1),[6]

which account for its high antimicrobial and antioxidant ca-

pacity.[7] Albeit the use of polyphenolic surface functionaliza-

tion to overcome challenges in medicine and biotechnology

has been proposed,[8] to date, TA-modified interfaces are only

found in a few applications, such as controlled drug delivery[9]

and filtration membranes.[10]

Currently, two methods are applied to deposit TA onto surfa-

ces: 1) self-assembly of a metal phenolic network (MPN) and

2) induced oxidative polymerization. MPNs exploit the strong

interaction between vicinal diol groups and transition-metal

ions.[11] Usually, these systems are based on Fe3+ and are con-

ducted in mildly alkaline conditions.[12] Although MPNs have

become the predominant method to create TA coatings, their

drawback lies in the deposition of only one molecular layer per

deposition cycle and the formation of complexation byprod-

ucts in solution.[13] Efforts have, therefore, been made to

induce a continuous coating formation by slow conversion of

Fe2+ to Fe3+ , yet with limited efficiency.[14] Induced oxidative

polymerization is based on the spontaneous auto-oxidative

polymerization of polyphenols in an alkaline environment[3c, 15]

or triggered by UV-light.[16] The stability of TA in alkaline condi-

tions is, however, limited, and the auto-oxidation by dissolved

oxygen leads to uncontrolled degradation of TA and precipita-

tion of polymeric byproducts.[17]

Recently, we reported an alternative deposition method

using silicic acid (Siaq), which enables a continuous TA coating

formation on titanium surfaces.[18] However, the structural role

of Siaq in the coating formation remained unknown. Herein, we

provide direct evidence for the formation of silicate–TA net-

works by magic-angle spinning (MAS) NMR spectroscopy.

These results are supported by X-ray photoelectron spectros-

copy (XPS) and time-of-flight secondary ion mass spectroscopy

(ToF-SIMS). Based on the formation of silicate–TA networks, we

Scheme 1. Schematic illustration of tannic acid (TA), penta-coordinated Si

[Si(V)] binding two TA ligands, and hexa-coordinated Si [Si(VI)] binding three

TA ligands.
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present a novel deposition method in mildly acidic conditions

for improved TA stability in solution compared to using transi-

tion-metal ions or oxidative conditions. By introducing a con-

tinuous-flow process and demonstrating the TA coating forma-

tion in inorganic buffers, we extend the applicability of TA

coatings for technological and biomedical purposes, such as

designing modified implant surfaces with reduced infection

risk.[2]

We employed 1H!29Si cross-polarization (CP) MAS NMR to

investigate the coordination state of Si in two samples pre-

pared with 99.7% 29Si-enriched silicate (29Siaq ; see the Support-

ing Information): TA-coated TiO2 particles (TAcoating) prepared in

an 80 mm 29Siaq solution, and TA precipitated with 1000 mm
29Siaq (TAprec). The

29Si CPMAS NMR spectra shown in Figure 1

reveal nearly identical 29Si responses, which justifies using the

Si-richer TAprec specimen for the remaining NMR experimenta-

tion. From previously reported 29Si chemical shifts involving

SiÿOÿC bonds,[19] the two peaks at ÿ99 and ÿ139 ppm of

Figure 1 are assigned to 29Si coordinating five [Si(V)] and six

[Si(VI)] phenolic O atoms, respectively, thereby complexing two

and three galloyl motifs of TA (Scheme 1). These assignments

are corroborated by the more rapid NMR-signal buildup ob-

served from the 29Si(V) sites (Figure S2, Supporting Informa-

tion), the direct SiÿOH bond of which implies a shorter 29Siÿ1H

distance than their 29Si(VI) counterparts, which solely feature

SiÿOÿR motifs (Scheme 1). Further evidence for silicate-TA

complexation is provided by the 13C{29Si} rotational-echo

double-resonance (REDOR)[20] NMR results in Figure S3, of the

Supporting Information. A significant 13C NMR-signal attenua-

tion is only observed from the aromatic 13C moieties, meaning

that they feature shorter internuclear distances to 29Si than all

other 13C sites. This result accords with Si binding to the vicinal

phenolic O positions of the TA molecule, as proposed in

Scheme 1.

Both 29Si NMR (Figures 1 and Figure S1, Supporting Informa-

tion) and XPS (Figure S6) evidenced negligible SiO2 contents in

the TA coating. Hence, we conclude from Figure 1 and the in-

tegrated 29Si NMR peak intensities of the quantitative 29Si NMR

spectrum of Figure S1 (Supporting Information) that �90% of

all Si is hexa-coordinated by phenolic O atoms in the TAprec and

TAcoating samples. Moreover, XPS and ToF-SIMS mappings veri-

fied that Si is distributed evenly across the polymeric TA net-

work (Figure S8, Supporting Information).

Figure S4 shows 13C CPMAS NMR spectra recorded from pris-

tine TA (TAref), TAprec, as well as oxidized TA (TAox), which was

formed in a Si-free buffer solution at pH=7.8. The NMR re-

sponses from TAprec and TAref are similar, in which the latter ac-

cords with a previous report.[21] The main distinction is the

emergence of a resonance at �150 ppm in the 13C NMR spec-

trum of TAprec that is attributed to 13CÿOÿSi fragments based

on the 13C shift[22] and our 13C{29Si REDOR NMR results (Fig-

ure S3, Supporting Information). The 13C NMR peaks between

50 ppm and 80 ppm stem from the central glucose ring,[21] in-

dicating an overall intact structure of TA upon its complexation

with Si. In contrast, TAox revealed a distinctly different 13C NMR

spectrum (Figure S4, Supporting Information). The absence of

resonances below 80 ppm suggests either an oxidation of the

glucose ring or a cleavage of gallic acid ester bonds to form

gallic acid residues. Either scenario is consistent with the
1H NMR signal at 15.5 ppm observed from the TAox sample

(Figure S5, Supporting Information), which is attributed to hy-

drogen-bonded acidic protons.

Identification of the formation of SiÿOÿC motifs, as well as

successfully depositing TA under a N2 atmosphere (Figure S9,

Supporting Information), demonstrated that the complexation

between Siaq and TA constitutes the deposition of the polyphe-

nolic network. Consequently, it shows that, unlike for other

polyphenolic molecules, oxidative polymerization by dissolved

O2 is not required.[23] Given that oxidation of TA is associated

with the formation of polymeric byproducts, both coating ho-

mogeneity and deposition efficiency benefit from restricting

the oxidative polymerization. Therefore, we adjusted the solu-

tion pH and monitored the coating process in real-time (Fig-

ure S10, Supporting Information) using a quartz crystal micro-

balance (QCM-D). Figure 2 shows the thickness of TA coatings

formed on titanium sensors under different pH conditions. For

pH>8.2, the rapid polymerization of TA impeded the deposi-

tion process. At pH=7.8, the coating thickness was in accord-

ance with previously reported values[15a] and the change from

Bicine to HEPES did not result in a major deviation. By reduc-

ing the pH of HEPES, an increase in the coating thickness was

observed as a result of reduced oxidation (Figure S11, Support-

ing Information). In contrast, a limited solubility of TA in BisTris

manifested in a significantly lower coating thickness at pH=

7.0 compared to the equivalent coating formation in HEPES.

Since HEPES buffer covers both oxidizing and nonoxidizing

pH conditions (Figure S11, Supporting Information), we charac-

terized the structural properties of TA coatings at pH values of

6.8 and 7.8. The progression of the frequency and dissipation

shifts at pH=7.8 (Figure 3) attested that the adsorption of TA

leveled out after 8 h. This effect is more perceivable in dissipa-

Figure 1. Solid-state 29Si CPMAS NMR spectra recorded at 9.4 T and 7.00 kHz

MAS from TA-coated TiO2 particles in the presence of 80 mm 29Siaq solution

(TAcoating), and from TA precipitated from a 1 mm 29Siaq solution (TAprec). The

NMR peaks at dSi=ÿ99 and dSi=ÿ139 ppm are assigned to 29Si species co-

ordinating five [Si(V)] and six [Si(VI)] phenolic O atoms of the TA ligands, re-

spectively (Scheme 1).
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tion versus frequency (DD/DF) plots in which the deposition

process of TA showed three distinct phases. An initial horizon-

tal decrease of DF (Figure 3B, I) indicates a rigid layer. Subse-

quently a transition phase (II) resulted in increased viscoelastic

properties until the third regime is reached, in which a vertical

progression (III) denotes the increasing dissipative properties.

Using nanoplasmonic spectroscopy (NPS), we further studied

the initial coating formation in detail (Figure S13, Supporting

Information). The comparison of the optical mass to the acous-

tic mass confirmed a low hydration of the TA layer during the

first 30 min, followed by a gradual increase to �30% after 1 h

(Figure S12, Supporting Information). Similarly, plotting Dl

against DF and DD results in its structure–characteristic curve

shape. Extending the analysis of NPS dry mass, we determined

the layer thickness by means of ellipsometry and AFM. After

24 h, an in situ thickness of 191�11 nm was obtained, which

corresponded to 158�3 nm (AFM: 132�8 nm) in a dry state.

From the lower dry state thickness, we conclude that the hy-

drated layer collapses and forms a rigid layer upon drying.

In buffered solution at pH=6.8 (Figure 4), the initial adsorp-

tion kinetics was considerably slower compared to pH=7.8.

This may emanate from base catalytical processes, or from

OÿH dissociation of either silicic acid (pKA=9.8) or TA (pKA=

9.9).[19c] However, compared to the deposition kinetics at pH=

7.8, no leveling out after 8 h was observed. In DD/DF plots, a

clear difference is noticeable, manifested in the absence of the

third regime. It is likely that less TA reacts in oxidative polymer-

ization processes at pH=6.8 and thus more TA is available for

the coating deposition, which led to a more homogenous

layer thickness of 266�2 nm after 24 hours in situ. Our com-

bined assessment of the optical and acoustic mass revealed

that the layer hydration was equivalent to the layer obtained

at pH=7.8 (Figure S12, Supporting Information). The time-de-

Figure 2. Averaged (nrep=3) film thickness of TA coatings measured by

QCM-D. The obtained values show the Voigt modeled thickness after 24 h

adsorption time at different pH. Auto-oxidative polymerization impeded the

deposition at pH>8.2 and data represents the thickness before polymeric

byproduct formation.

Figure 3. Deposition of TA coatings from HEPES at pH=7.8. (A) Averaged (nrep=3) and normalized frequency (DF) and dissipation shifts (DD) of the 3rd, 5th,

and 7th QCM-D overtone (n) as a function of time and the correlated frequency versus dissipation plot (B). (C) Correlation between optical and acoustic mass.

(D) In situ thickness compared to dry thickness of TA coatings (Inset : coated Si wafer).
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coupled plot of Dl against DF and DD resulted in the same

characteristic curve shape and ascertained negligible structural

differences between TA coatings obtained in either pH condi-

tion. Ellipsometry determined a thickness of 231�9 nm (AFM:

180�10 nm) after 16 h and confirmed the higher efficiency at

pH=6.8.

With an improved deposition efficiency, TA nanocoatings

can be pushed towards microscale dimension and the deposi-

tion of higher amounts of TA is possible. Thereby the larger re-

servoir of TA may enable improved antibacterial and anti-in-

flammatory effects of TA coatings.[3b,5c] In order to break the

boundaries of nanoscale polyphenolic coatings, the increased

coating kinetics in alkaline conditions is a crucial requirement.

Simultaneously, the formation of polymeric TA byproducts in

solution must be avoided.

With Si as the coordinating species, the coating process can

be changed from a batch reaction to a continuous-flow pro-

cess (Figure S14, Supporting Information). By separating TA

from Siaq, TA can be kept stable at pH=6.8 and fed with Siaq at

pH=8.8, yielding a quadrupled TA-deposition compared to the

batch process shown in Figure 3.

Moreover, we investigated the deposition process in alterna-

tive buffer systems for applications in which organic buffer

molecules interfere with other chemical reactions. We demon-

strated that TA coatings can be deposited in both citrate/phos-

phate and pure phosphate buffered solutions (Figure S15, Sup-

porting Information). Tuning of the reaction speed can finally

be performed by adjusting the pH and the ionic strength of

the buffer.[15a,24]

In conclusion, we have presented direct experimental evi-

dence for a complexation between silicate and TA that contrib-

utes to the deposition of TA coatings. The overall structurally

intact TA molecules are expected to retain the antioxidant

properties of the coating. By optimizing the solution pH, a pro-

longed and more homogenous deposition process was ach-

ieved. By demonstrating a continuous-flow process yielding

high deposition rates, we establish a method that is commen-

surate with industrial demands, while giving a low rate of by-

product formation. For applications interfering with organic

buffers, we have expanded the deposition of TA to inorganic

buffers, which may open the utilization of TA coatings on im-

plantable biomedical devices to prevent biofilm-associated in-

fections and to improve the host tissue integration.

Experimental Section

Details of materials and methods, along with supplementary exper-

imental data, can be found in the Supporting Information.
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Experimental section

Materials

Tannic acid (ACS grade, MW = 1701.2, LOT#MKBN9606V) and sodium metasilicate 

pentahydrate (≥ 95%) were purchased from Sigma Aldrich. Unless otherwise stated, all 

materials were ACS grade and purchased from VWR.

Coating Preparation

Organic buffers were prepared by dissolving Bicine (≥ 99%, Sigma Aldrich), HEPES 

(BioPerformance, ≥ 99.5%, Sigma Aldrich), or BisTris (BioPerformance, ≥ 98%, Sigma Aldrich)

at a concentration of 100 mM together with 600 mM NaCl in MilliQ water (18 MW cm). The pH 

was subsequently adjusted with 10 M NaOH or 5 M HCl to the needed level. NaOH stock 

solutions and prepared buffer solutions were stored in plastic bottles to avoid dissolving any 

silica ions from glassware.

Citrate buffer was prepared from 100 mM citric acid monohydrate (≥ 98%, Sigma Aldrich)

and 200 mM disodium hydrogen phosphate (Na2HPO4, 98 – 102%; Sigma Aldrich) at a 

volume ratio of 17.6/82.34 for a final pH of 7.0. The buffer was supplemented with 600 mM 

NaCl and deviations from pH = 7.0 were corrected with 10 M NaOH or 5M HCl.

Phosphate buffer was prepared from 200 mM sodium dihydrogen phosphate (NaH2PO4,

98 – 102%; Sigma Aldrich) and 200 mM disodium hydrogen phosphate (Na2HPO4, 98 – 102%; 

Sigma Aldrich) at a volume ratio of 19.5/30.5. The solution was diluted with an equal amount 

of MilliQ water and supplemented with 600 mM NaCl. Deviations from pH = 7.0 were corrected 

with 10 M NaOH or 5 M HCl.

Tannic acid was dissolved in buffer solutions at a concentration of 1 mg/ml and stirred until 

fully dissolved. The concentration of 80 mM ortho-silicic acid (Siaq) was adjusted from a 0.1 M

stock solution of sodium metasilicate pentahydrate dissolved in MilliQ water.

Coatings prepared under continous flow conditions (CSTR setup) were obtained by 

seperating TA from Siaq (Figure S16). TA at a concentration of 2 mg/ml was kept at acidic 

pH = 6.8 to prevent oxidation, while Siaq at a concentration of 160 mM was adjusted to 

pH = 8.8. Both solution were mixed in a subsequent beaker (VR = 6 ml) at a flow rate of 

0.1 ml/min resulting in an average residence time of t = 30 min. The solution pH in the CSTR 

was monitored and deviations from pH = 7.8 were adjusted by the pH level of the Siaq feed.

As coating substrates, either polished titanium coins (grade IV) or silicon wafers (n-type, 

(100), Sigma Aldrich) were immersed in solution under gentle stirring. Prior to the coating 

process, Si wafers and Ti coins were treated for 15 min in an UV-Ozone chamber (Novascan 

PSD-UV4). Subsequently, the substrates were cleaned in 5/1/1 mixture of H2O, 30% 

ammonia, 30% H2O2 to remove organic contaminants. Si wafers were finally treated with 10% 

HF for 10 min to create hydrophobic surfaces.

Chemical analytical experiments (XPS, EDS, ToF-SIMS) were conducted on Ti coins, which 

were coated with TA for 24 h in Bicine buffer at pH = 7.8 in presence of 80 mM Siaq. AFM and 

ellipsometric measurements of TA coating thicknesses were evaluated on Si wafers. Note the

different preparation procedures for the samples employed for the solid-state NMR 

experiments, as described below.
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Solid-State NMR

Given the low Si contents in the samples (Table S3), all 29Si NMR experimentation was 

conductedd on 29Si-enriched samples, prepared using 29SiO2 (99.7% enrichment; BuyIsotope, 

Neonest AB, Sweden) dissolved 1.00 ml 10 M NaOH and added to HEPES buffer. The

amounts of added 29SiO2 yielded nominal Si concentrations of 80 mM and 1000 mM in the 

preparation of the “TA precipitate” (TAprec) and the “TA coating” (TAcoating) specimens, 

respectivly. The pH of the solution was then adjusted to 7.8 using 10 M NaOH.

TAprec was collected by filtering the reaction solution through a 0.2 mm nitrocellulose 

membrane after 24 h. The TAcoating specimen was prepared by coating TiO2 to mimic the 

native oxide layer of titanium surfaces described in the other experimental sections. The 

particles (sieved fraction with particle diameter between 100–180 mm) were suspended at a 

concentration of 1.5 mg/ml in TA solution for 1 h to avoid additional TA particle formation, 

followed by filtering through a nitrocellulose membrane (0.2 mm). The coated TiO2 particles 

were subsequently washed with HEPES buffer solution. “TA oxidation products” (TAox), which 

formed at pH = 7.8 during 24 h in reaction solutions that did not contain any silicon, were 

collected by filtration (0.2 mm membrane). For comparison, the pristine TA precursor powder 

(TAref) was analyzed as received.

All 1H, 13C, and 29Si MAS NMR experimentation was performed with Bruker Avance-III 

spectrometers at static magnetic fields (B0) of 9.4 T or 14.1 T, which correspond to the 

respective 1H/13C/29Si Larmor frequencies of 400.1/100.6/79.5 MHz and 

600.1/150.9/119.2 MHz. Neat tetramethylsilane (TMS) was used to calibrate each 1H, 13C, and 
29Si chemical shift at 0 ppm. Fine powders of the TAprec, TAcoating, TAox, and TAref samples

were packed in 4 mm (outer diameter) zirconia rotors and ceiled with Kel-F caps. Throughout 

all Figures, all NMR spectra are for visualization purposes zoomed so as to comprise all 

relevant NMR signals, i.e., to emphasize the significant information.

Directly excited (“single-pulse”) 1H and 29Si NMR spectra were recorded at 9.4 T and the 

MAS rate nr = 14.00 kHz, using 90° radiofrequency (rf) pulses operating at rf nutation 

frequencies of 54 kHz and 100 kHz for 29Si and 1H, respectively, with corresponding relaxation 

delays of 300 s and 5 s. These relaxation delays were selected from separate T1 relaxation 

experiments to ensure quantitative NMR spectra. The total numbers of accumulated signal 

transients were 256 for 29Si and 8 for 1H. No 1H decoupling was applied during the 29Si NMR 

signal acquisitions.
1H®13C and 1H®29Si cross polarization (CP) NMR experiments performed at B0 = 9.4 T

employed MAS rates of 14.00 kHz for 13C and 7.00 kHz for 29Si. CP was established at the 

modified Hartmann-Hahn conditions 

!"# $% $!"& $= $'$!( , )$ = $ * C"+ , Si-. /,

employing proton nutation frequencies !"# of 43 kHz (n = %1) and 64 kHz (n = 1) for the 29Si

and 13C NMR experiments, respectively. For both 29Si and 13C, the nutation frequency was 

ramped linearly[1] by ±5% around !"
& = 50 kHz. Contact-time periods of 4.0 ms and 2.0 ms

were employed for all 29Si and 13C experiments, respectively (except for those shown in Figure 

S2). Heteronuclear 1H decoupling during the NMR-signal acquisitions utilized the SPINAL-64 

scheme[2] operating at !"# = 83 kHz (5.8 ms 1H pulses). Relaxation delays of 1.0 s were used

for all 13C CPMAS NMR experiments, whereas those involving 29Si used 1.5 s and 3.0 s for 

the TAprec and TAcoating samples, respectively. Depending on the detected nucleus and sample, 
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6000–65000 accumulated transients were required to obtain NMR spectra of moderate to high 

quality (see Table S1).

The 13C{29Si} rotational-echo double-resonance (REDOR)[3] NMR experiments on the TAprec

specimen were performed at B0 = 14.1 T and nr = 10.00 kHz, starting from 13C magnetization 

generated by ramped 1H®13C CP, employing !"# = 42 kHz, !"
0 = 32 kHz, and a contact time

period of 2.0 ms. The REDOR protocol involves recording two separate NMR data sets for a 

given dipolar recoupling interval trec:[3] (i) a “reference” NMR spectrum [Sref(trec)], which 

involves a Hahn-echo with a 180° rf-pulse (14.0 μs in our experiments) applied to the 

observed nuclei (13C) to refocus chemical shifts; (ii) a “dipolar-dephased” spectrum [S(trec)], for 

which additionally a rotor-synchronized train of 180° rf pulses (13.6 μs; !"
12 = 37 kHz) is applied

to 29Si in order to reintroduce the MAS-averaged 13C–29Si dipolar interactions.[3] Their

presence results in an attenuation (“dephasing”) of the 13C NMR signals from all 13C sites in 

close spatial proximity to 29Si. Our experiments used trec = 4.0 ms, with the rf phases of the 

180° recoupling pulses cycled according to the XY8 scheme.[4] In all REDOR experiments, 

heteronuclear proton decoupling (!"# = 67 kHz) were accomplished using continuous-wave

(CW) and SPINAL-64[2] schemes during the dipolar-recoupling and NMR-signal acquisition 

periods, respectively. The relaxation delays were 3.0 s, and 12800 signal transients were 

collected for each part of the REDOR protocol.

Table S1: Number of accumulated transients used for the 13C and 29Si CPMAS NMR experiments.

XPS

Analysis of the silicon content and distribution was conducted on a Kratos XPS instrument

(Kratos Analytical Ltd). Sprectra were obtained with a monochromated Al Ka radiation (15 kV, 

10 mA) under charge compensation (2 A, 3.8 V). Survey spectra were measured with a pass 

energy of 160 eV, a step size of 1 eV, and a 200 ms dwell time. High-resolution spectra were 

obtained with a pass energy of 20 eV, a step size of 0.1 V, and a dwell time of 1000 –

2000 ms. Maps were acquired in parallel XPS imaging mode at a spatial resolution of 3 mm.

The acquisition time was set to 300 s with a pass energy of 160 eV.

Figure label Sample Number of transients

Figure 1 TAcoating 68408

TAprec 6144

Figure S1 TAprec 6144

Figure S2 TAprec 256 (512 for the contact time of 0.3 ms)

Figure S4 TAref 47752

TAprec 57344

TAox 36864
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The data was processed in CasaXPS (Casa Software Ltd) by shifting the C1s peak with the 

lowest binding energy to 285 eV. Peak fitting and deconvolution were performed with a Shirley 

background and a symmetric Gaussian/Lorentian line shape.

EDS

Coated Ti coins were analyzed regarding the atomic composition and surface morphology 

using an FEI Quanta 450 scanning microscope (Thermo Fisher Scientific) coupled to an X-

MaxN Oxford 50 mm2 analyzer (Oxford Instruments).

ToF-SIMS

ToF-SIMS analysis was performed using a PHI TRIFT V nanoTOF instrument (Ulvac-Phi 

Inc.) equipped with a 30 keV LIMG source. The primary ion beam (Ga+) was set to the 

unbunched mode to be optimized for high lateral resolution (< 0.4 mm). The 28Si isotope was 

detected in positive mode with an analyzed area of 100 mm × 100 mm and 30 mm × 30 mm in

size. No charge compensation was required.

QCM-D

A QSense E4 (Biolin Scientific) quartz crystal microbalance (QCM-D) was used to monitor 

the real-time formation of TA nanocoatings. Ti sensors (QSX 310, Biolin Scientific) were used 

and cleaned according to the manufacturer’s protocol before and after each experiment. The 

procedure includes sonication in 2% SDS, washing with MilliQ water and EtOH, and final UV-

ozone treatment. The QCM-D chambers were cleaned with 2% SDS for 10 min and 

extensively flushed with water (> 15 min) prior to the experiment. 

Before adsorption of tannic acid, sensors were equilibrated in buffer and a baseline was 

recorded. TA was flown through the cell at 0.1 ml/min at 21°C under gentle stirring of the 

solution (100 rpm). After the adsorption, the sensors and chambers were flushed with MilliQ 

water and 0.1 M HCl for 5 min to remove tannic acid. Subsequently, the chamber cleaning 

protocol was conducted as described before. All experiments were performed in triplicates 

(nrep = 3).

The change in oscillation frequency (DF) and dissipation (DD) was continously monitored for 

the fundamental frequency and five overtones. For clarity, only the first three overtones are 

plotted. Calculations of layer thicknesses were performed with QTools Software 

(BiolinScientific, Version 3.1.33) using the extended viscoelastic model. Fits were obtained 

based on the 3rd (n = 3), 5th (n = 5), and 7th (n = 7) harmonic overtone and a power based 

shear dependence. The TA layer density was assumed to be 1046 kg/m3,[5] accompanied by a

measured fluid density of 1027 kg/m3.

NPS

Nanoplasmonic spectroscopy (NPS) is a technique based on the concept of measuring the 

localized surface plasmon resonance (LSPR) and was conducted on an Acoulyte (Insplorion 

AB) instrument. The instrument allows simultanous recording of the optical mass and acoustic 

mass using the QCM-D equipment. TiO2 coated sensors, provided by the manufacturer, were 

immersed in 2% SDS for 10 min, washed with MilliQ water, and UV-ozone treated prior to the 

experiment. 
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The coating procedure is performed as described in the QCM-D section. In short, sensors 

were equilibrated in buffer before TA was flown through the cell at 0.1 ml/min at 21°C. All

experiments were conducted as duplicates (nrep = 2).

The calculation of the optical mass was obtained with respect to the exponential decay of 

the plasmon signal (Equation S1). The adsorbed areal mass (G) depends on the layer 

thickness (ds) obtained from QCM-D, the surrounding refractive index (nbuffer), and the 

refractive index (ns) and the refractive index increment (dn/dc) of the layer. The difference in 

refractive index (Dn) is correlated with the change of the plasmon peak (Dl), the sensitivity 

factor of the TiO2 sensor (S0 = 140 nm/RIU), and the characteristic decay length of the surface 

plasmon (LZ = 30 nm).[6] The refractive index increment was determined to be 

0.173 ± 0.01 ml/g.

3 = 45
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= 45

69

:;<> % ?
@-AB
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(S1)

Ellipsometry

Coated Si wafers were analyzed using a Rudolf Auto EL III null ellipsometer (Rudolf 

Research). The instrument is equipped with a He-Ne laser (633 nm) probing the surface at an 

incident angle of 70°. A single layer calculation model was used to quantify the layer thickness 

of TA coatings. Therefore, the refractive index of tannic acid coatings was assumed to be 

equal to SiO2 (nR = 1.468). For each time point, three measurements on three individual 

wafers were acquired and averaged (nrep = 9). Si wafers were coated in groups (G1: 0.5 h –

4 h; G2: 8 h – 16 h; G3: 24 h). The thickness of the native oxide layer was measured on 

control wafers and subtracted from the reported results.

AFM

An atomic force microscope (MFP 3D, Asylum Research) was used to determine the

coating thickness by scratching the coatings with a cantilever (ACS-240TS) and scanning 

across the edge of the scratched area. Three measurements were conducted at random 

positions on the sample surface to yield an average value (nrep = 3).

UV-vis

Quantification of the oxidation of TA solutions was performed using a Lambda 25 

spectrophotometer (Perkin Elmer). Spectra were recorded with a resolution of 1 nm. All 

samples were filtered through a 0.2 mm polyether sulfone syringe filter prior to the 

measurement. Due to strong adsorption in the UV-region samples were diluted 1/100 in their 

corresponding buffer solutions.
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Supporting information for solid-state NMR measurements

Figure S1: 29Si NMR spectra recorded at B0 = 9.4 T from the TAprec sample, using either direct excitation by single pulses at 

14.00 kHz MAS (red trace) or 1H®29Si CP at 7.00 kHz (black trace). Note (i) the almost identical NMR-peak intensites/widths 

observed between the quantitative single-pulse NMR spectrum and that recorded using CP with a contact period of 4.0 ms, as 

well as (ii) the very similar CPMAS NMR spectra revealed for the TAprec and TAcoating samples in Figure 1. Altogether, this 

strongly suggests essentially identical relative Si(V) and Si(VI) populations in TAprec and the TA-coated TiO2 nanoparticles:

these results justify using the NMR results from the TAprec specimen as representative also for the TAcoating sample, whose 

minute Si content (see Table S2) precludes any NMR experimentation other than the 1H®29Si CP NMR results shown in 

Figure 1. Note that no traces of silica (which produces 29Si resonances around –110 ppm[7]) is revealed from any of the NMR 

spectra shown above and in Figure 1.

Figure S2: Integrated 29Si CPMAS NMR peak-intensities plotted against the CP contact time-period for the resonances at –

99 ppm and –139 ppm, which are associated with the 29Si(V) and 29Si(VI) sites of the TAprec sample, respectively; see 

Figure S1. Each curve is normalized to a maximum integrated intensity of unity. The initial buildup-rate of the 29Si NMR signal

of each 29Si(V) and 29Si(VI) site grows as the inverse cube of its respective (shortest) 1H–29Si internuclear distance. Note the 

more rapid NMR-signal buildup from the 29Si(V) sites relative to their 29Si(VI) counterparts, as is expected from the presence 

of a Si(V)–OH linkage (as opposed to Si(VI)–O–C motifs only) in Scheme 1. We refer to Kolodziejski and Klinowski for general 

information about CPMAS NMR experimentation and its kinetics.[8]
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Figure S3: (A) 13C CPMAS NMR spectra recorded from the TAprec sample, and obtained either at B0 = 9.4 T and 

nr = 14.00 kHz, or at B0 = 14.1 T and nr = 10.00 kHz. (B) 13C{29Si} REDOR NMR spectra acquired at B0 = 14.1 T and 

nr = 10.00 kHz, using a dipolar recoupling period of trec = 4.0 ms, during which 13C–29Si dipolar interactions are activated: they 

lead to an NMR-signal attenuation (“dephasing”) from all 13C sites in close proximity to 29Si [S(trec); red trace] relative to the 

“reference” portion of the REDOR protocol [Sref(trec); black trace]. A significant dephasing is only observed for the 13C

resonances in the 135–50 ppm spectral range; they are associated with aromatic 13C–O moieties of TA,[9] thereby evidencing 

their closer 13C–29Si distances relative to those of all other 13C sites. The signal ~150 ppm reveals the strongest attenuation,

and is therefore attributed to 13C–O–Si motifs (also see Figure S4). The absence of 13C resonances in the 50–110 ppm range 

in the REDOR NMR spectra [compare with the 13C CPMAS spectrum in (A)] is attributed to a rapid T2 relaxation of these 13C

sites. Consequently, our data do not permit drawing any conclusion about their proximities to Si.

Figure S4: 13C CPMAS NMR spectra recorded at B0 = 9.4 T and 14.00 kHz MAS from pristine tannic acid (TAref), TA 

precipitated in presence of 1000 mM Siaq (TAprec), as well as the oxidative polymerization product (TAox). The indicated 13C

chemical shifts (in ppm) and peak assignments in the NMR spectrum of TAref refer to the C sites of the TA molecules labeled

in the right panel.[9] Note the overall similar NMR results observed from the TAref and TAprec samples, which mainly differ in the 

signal at dC ~150 ppm. This resonance is only observed from TAprec and is attributed to 13C–O–Si moieties (see Figure S3), as 

further supported by 13C chemical shifts reported from solution NMR by Evans et al.[10]
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Figure S5: 1H NMR spectra recorded at B0 = 9.4 T and 14.00 kHz MAS from samples of pristine tannic acid (TAref), tannic 

acid precipitated in presence of 1000 mM Siaq (TAprec), oxidative polymerization products of tannic acid (TAox), and TA coated 

TiO2 particles prepared in HEPES buffer (pH = 7.8) together with Si at a concentration of 80 mM (TAcoating). Note the minor

peak at 15.5 ppm in the NMR spectrum from TAox, which is attributed to hydrogen-bonded carboxy moieties.
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Supporting information for surface analysis

XPS

Figure S6: Chemical composition of TA coatings on titanium coins obtained in Bicine buffer supplemented with 80 mM Siaq at 

pH = 7.8 determined by XPS. The survey scan indicated Na in the organic film, which may act as counter ions of 

deprotonated hydroxyl groups. Further, some Ca impurities are present. The high-resolution spectra of O 1s indicated three 

oxygen species, which were attributed to C=O, C–O, and Si–O bonds. The Si 2p peak is centered at 102.6 eV. Whilst the 

chemical state of Si could not be determined with sufficient reliability, the binding energy of Si excludes a pure SiO2 phase.[11]

It may rather be correlated to the bond length of hexa-coordinated Si–O–C bonds (Table S2). The C 1s spectrum shows three 

peaks indicating C=O, C–O, and C–C bonds.

Table S2: Correlation of bond length and binding energy in silicon compounds.

Type Si–O (quartz) Si–C
Si–O–R

(hexa-coord.)
Si–Si

Bond length [pm] 161[12] 187.5[13] 170–190[14] 233[13]

Binding energy Si 2p [eV] 103.9[15] 102.5[15] 102.6a 99.3[16]

adetermined for Si in TA coatings on titanium surfaces
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Si distribution determined by XPS, ToF-SIMS, and EDS

Figure S7: Representative distribution of Si in TA coatings on titanium coins from microscopic to submicroscopic scale: (A) 

Mapping of the Si 2p peak (102.6 eV) by XPS on an area of 200 × 200 mm. (B) ToF-SIMS mapping of 28Si on an area of 

100 × 100 mm and (C) subsequent high-resolution imaging of the center region. All measurements were performed on 

titanium coins coated with TA. The coating was obtained in Bicine buffered solution at pH = 7.8 supplemented with 80 mM Siaq 

and a coating time of 24 h. The spacial resolution of 3 mm in XPS measurements did not allow to detect SiO2 particles.

However, the surface sensitive technique demonstrates the distribution of Si species throughout the measured area. This 

result was confirmed by high-resolution ToF-SIMS. Additionally, the higher spacial resolution detected some Si-rich areas 

which originate in particles as observed in SEM/EDS measurements (Figure S8), were detected.

Figure S8: Representative EDS map of a Si-rich particle found on titanium surfaces coated with TA. The coating was 

obtained in Bicine buffer at pH = 7.8 for 24 h. A weak Si background signal was still obtained throughout the surface but the 

presence of particles suppressed the intensity in the false color map. The particles might originate from glassware or from the 

Si stock solution as ortho-silicic acid polymerization product.
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Table S3: EDS-derived elemental contents (wt. %) of the samples used for solid-state NMR experiments.

Sample [Si]a C O Si Ti

TAprec 1000 mM 48.8 46.2 2.3 –

TAcoating 80 mM 3.2 38.2 0.1 58.1

aNominal Si concentration during preparation.

Supporting information for deposition of tannic acid coatings

QCM-D raw data

Figure S9: Averaged (nrep = 3) progression of frequency and dissipation shifts of the 3rd, 5th, and 7th overtone (n) in QCM-D

during deposition of TA on titanium sensors. Adsorption of TA from Bicine buffer at pH = 7.8 under depletion of oxygen (A) in 

comparison to the oxidative environment (B). Bicine buffer at pH = 7.8 was degassed prior to the experiment and constantly 

bubbled with nitrogen throughout the measurement. Under this condition, the colorless solution indicated no oxidation of TA. 

The reduced particle formation by oxidative polymerization also led to a more stable dissipation value in QCM-D during the 

course of a 24 h deposition process (note the different scale of the y-axes). The result indicates that oxidative polymerization 

by dissolved O2 is not required for the formation of silicate-TA networks.
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Figure S10: Averaged (nrep = 3) progression of TA coating thickness calculated with the Voigt viscoelastic model (A, C, E). 

Additionally, the ratio of DD/DF [10–6Hz–1] of the 3rd harmonic overtone is given in the panels to the right (B, D, F). Due to rapid 

oxidation and polymerization processes at pH above 8.6, the deposition efficiency was greatly impeded and the process was 

aborted after 2 h (pH = 8.6) and 1 h (pH = 9.0). Splitting overtones and increasing ∆D/∆F values were associated with the

formation of polymeric byproducts. These polymers agglomerate and form particles, which sediment onto the sensor 

surface.[17]
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Spectrophotometric determination of TA oxidation

Figure S11: Representative progress of TA oxidation measured by UV-vis spectrophotometry. TA was dissolved in HEPES 

buffer at pH = 7.8 (A) and 6.8 (B). Solutions were exposed to air and gently stirred (100 rpm) during the course of 24 h. Prior 

to analysis, solutions were filtered through a 0.2 mm syringe filter. Due to strong adsorption in the UV region, samples were 

diluted (1/100) with buffer. The increased adsorption in the visible range is associated with the oxidation of the polyphenolic 

molecules.[18]

NPS data

Figure S12: Representation of optical mass and acoustic mass of TA coatings determined by NPS and QCM-D respectively

(nrep = 2). Both conditions pH = 7.8 (A) and pH = 6.8 (B) show low hydration during initial formation of the coating followed by 

an increase. Once the penetration depth of NPS exceeds its characteristic probing depth of 30 nm the correlation starts to 

deviate and the estimation of the hydration decreases. Above 100 nm Equation S1 is no longer valid and the data cannot be 

interpreted correctly.
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Figure S13: Averaged (nrep = 2) shift of plasmon peak during the deposition of TA at pH = 6.8 and pH = 7.8. The 

measurements were conducted until the peak shift leveled off, indicating that the maximum penetration depth of the surface 

plasmon was reached. The variation in maximum peak shift might indicate a differing refractive index of layers obtained in 

oxidizing condition (pH = 7.8) compared to non-oxidizing conditions (pH = 6.8).

CSTR type deposition of TA

Figure S14: Averaged (nrep = 4) and normalized frequency and dissipation shifts of the 3rd, 5th, and 7th QCM-D overtone (n) as 

a function of time. Graphs show the deposition of TA onto Ti surfaces in a continously stirred tank reactor (CSTR) setup with 

TA dissolved at pH = 6.8 and fed with Siaq in alkaline condition (pH = 8.8) to result in a final pH-value of 7.8. The continuous 

deposition could be maintained throughout 24 h, owing to the reduced particle formation in the CSTR. Slight interferences in 

the slope of the QCM-D measurement were due to a change in reactant volume in the CSTR. The operation with a single 

peristaltic pump caused invariances in in- and out-flow of the CSTR (Figure S16).
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TA deposition from inorganic buffers

Figure S15: Averaged (nrep = 3) progression of frequency and dissipation shifts of the 3rd, 5th, and 7th overtone (n) in QCM-D

during deposition of TA on titanium sensors. Adsorption of TA from phosphate buffer (A) and citrate/phosphate buffer (B) that 

were both supplemented with 600 mM NaCl and 80 mM Siaq at pH = 7.0.

CSTR setup

Figure S16: Flow chart of the continously stirred tank reactor (CSTR) setup for QCM-D measurements shown in Figure S14. 

Tannic acid was kept at mild acidic pH = 6.8 separated from silicic acid in alkaline condition. Mixing in the CSTR at a flow rate 

of 0.1 ml/min and a reaction volume of 6 ml resulted in an average residence time of 30 min. The solution in the CSTR was

set to pH = 7.8 by adjusting the pH level of the silicic acid feed. The concentrations of TA and Siaq in the CSTR were set 

equally to other QCM-D experiments to 1 mg/ml and 80 M respectivly.
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ABSTRACT: Polyphenolic molecules have become attractive
building blocks for bioinspired materials due to their adhesive
characteristics, capacity to complex ions, redox chemistry, and
biocompatibility. For the formation of tannic acid (TA) surface
modifications based on silicate-phenolic networks, a high ionic
strength is required. In this study, we investigated the effects of
NaCl, KCl, and LiCl on the formation of TA coatings and
compared it to the coating formation of pyrogallol (PG) using a
quartz-crystal microbalance. We found that the substitution of NaCl
with KCl inhibited the TA coating formation through the high
affinity of K+ to phenolic groups resulting in complexation of TA.
Assessment of the radical formation of TA by electron paramagnetic
resonance spectroscopy showed that LiCl resulted in hydrolysis of
TA forming gallic acid radicals. Further, we found evidence for interactions of LiCl with the Siaq crosslinker. In contrast, the coating
formation of PG was only little affected by the substitution of NaCl with LiCl or KCl. Our results demonstrate the interaction
potential between alkali metal salts and phenolic compounds and highlight their importance in the continuous deposition of silicate-
phenolic networks. These findings can be taken as guidance for future biomedical applications of silicate-phenolic networks involving
monovalent ions.

KEYWORDS: polyphenols, surface modification, nanocoating, metal-phenolic networks, EPR

■ INTRODUCTION

Naturally derived polyphenolic molecules have attracted great
interest in creating novel and sustainable biomaterials based on
green chemistry.1−5 Their versatile interaction with interfaces
originates from their molecular structure featuring catechol and
galloyl groups that present an opportunistic reaction site for
metal coordination and surface adhesion. Further, polyphenolic
coatings can be utilized to create multifunctional surfaces via
subsequent modifications, e.g., Michael additions.4,6 Currently,
the anti-oxidant properties of polyphenols are studied to create
anti-inflammatory and anti-biofouling surfaces.7−10 In these
biologically relevant environments, salts are not only an
important factor for biomolecular processes but also interact
with polyphenolic molecules.11

Generally, the self-assembly and deposition process of
polyphenolic layers depend on the type of polyphenol.12

While tannic acid (TA) layers are commonly obtained through
interaction with metal ions creating metal-phenolic networks
(MPNs),13 flavonoids, and low molecular weight polyphenols,
such as dopamine and pyrogallol (PG), rely on oxidative
polymerization.14 Oxidation of phenolic molecules by dissolved
oxygen results in their respective quinone form and is usually
controlled by the solution pH.15,16 Via oxidant induction or
control of the pH, the coating formation of polyphenolic

molecules can be regulated.7,17 Additionally, diverse secondary
interactions, such as π-stacking, π-cation interaction, hydrogen
bonding, and electrostatic interactions affect the intermolecular
interactions of polyphenols.18 Therefore, the formation process
is also controlled by the ionic strength. Optimal conditions to
create MPNs and phenolic coatings were reported to be slightly
alkaline with an ionic strength ≥0.5 M.1,19

Since multivalent ions strongly complex polyphenolic
molecules and rapidly precipitate high molecular weight
compounds, such as TA,20 NaCl has been used to adjust the
ionic strength in recent studies.1,12,17,21,22 More focused
investigations have later shown that the film thickness and
particle morphology of TA-FeIII based MPNs are highly
dependent on the NaCl concentration. This relation has been
attributed to changes in the hydration shell around the TA
complexes.23 Subsequently, the effect of other ions on TA-FeIII

networks was refined by Park et al., who concluded that the
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optimum ionic strength depends on the type of ion and
decreases for ions with higher valency and atomic radius due to
proposed charge screening effects.24 Besides these charge
screening effects, ions may also influence the reaction chemistry
of phenolic compounds. The different interaction potentials of
anions and cations with phenolic structures could influence the
intermediary radical structures during oxidative polymerization
reactions of polyphenols.25−29 Evidence for changes in radical
structures has been obtained studying the differences in quinone
radicals generated by oxidation via horseradish peroxidase and
H2O2 or NaOH oxidation.30−32 In addition, stabilization of
phenolic radicals by Zn2+ and Mg2+ are known effects.33,34

In this study, we investigated the interaction of silicate-
phenolic networks with monovalent ions, Li+, Na+, and K+ to
optimize coating conditions and to elucidate the effect of their
salts on the deposition of TA coatings. Using electron
paramagnetic resonance (EPR), we probed different interme-
diary radical structures of TA in the presence of NaCl, KCl, and
LiCl. A comparison to the formation of silica independent PG
coatings allowed us to point out the specific interactions of the
investigated salts with TA. We expect that these insights may
impact future biomaterial research, which employs polyphenolic
molecules as structural building blocks and comprise the use of
monovalent ions in biological buffers.

■ MATERIALS AND METHODS

Materials. Tannic acid (MW = 1701.2, LOT#MKBN9606 V),
pyrogallol (MW = 126.1), gallic acid (MW = 170.1), ellagic acid
(≥95%, MW = 302.2), penta-galloyl glucose (≥96%, MW = 940.7),
HEPES (BioPerformance, ≥99.5%), LiCl, LiOH, KCl, KOH, sodium
metasilicate pentahydrate (orthosilicic acid, ≥95%), sodium persulfate
(Na2(SO4)2, ≥98%), and periodic acid (H5IO5, 99%) were purchased
from Sigma-Aldrich. NaCl and NaOH were supplied by VWR. Sodium
3-(trimethylsilyl)propionate (TMSP, 2,2,3,3-D4, D = 98%) was
supplied by Cambridge Isotope Laboratories. Ammonium molybdate
(para)tetrahydrate (99%) was purchased from Alfa Aesar. Unless
otherwise stated, all materials were ACS grade.
Polyphenolic Solutions. TA and PG were dissolved at a

concentration of 1 mg/mL in Milli-Q water (18 MΩcm) containing
600 mM NaCl, KCl, or LiCl if not further specified. To avoid the
influence of buffer molecules in spectroscopic techniques employed in
this study, the pH was adjusted with specific amounts of 10 M base
added to the solutions (Table 1). More data points can be found in
Figure S1 of the ESI.

Coating Deposition. To compare the coating formation with
previous experiments, TA and PG coatings were dissolved in 100 mM
HEPES buffer containing 600mMNaCl, KCl, or LiCl. The buffers were
adjusted to pH 7.8 with NaOH, KOH, or LiOH, respectively. To form
silicate-TA coatings, 80−100 μMorthosilicic acid (Siaq) was added. Ø6
mm Ti coins were coated in 10 mL solutions under agitation at 30 rpm.
The real-time formation of polyphenolic coatings on Ti was

monitored using a QSense E4 (Biolin Scientific) quartz crystal
microbalance (QCM-D). Ti sensors (QSX 310, Biolin Scientific)
were cleaned according to the manufacturer’s protocol before and after
each experiment. The procedure includes sonication in 2% SDS,
washing withMilli-Q water and EtOH, and finally UV-ozone treatment.
The QCM-D chambers were cleaned with 2% SDS for 10 min at 0.5
mL/min and extensively flushed with water (>15 min) prior to the

experiment. Before the adsorption of polyphenols, sensors were
equilibrated in the respective solvent for 20 min, and a baseline was
recorded. The polyphenol solutions were gently stirred (100 rpm)
during the measurement to provide sufficient O2. Measurements were
performed at a flow rate of 0.1 mL/min at 21°C. After the adsorption,
the sensors and chambers were flushed with Milli-Q water and 0.1 M
HCl for 5 min to remove the coating. All experiments were performed
in triplicates (n = 3). Changes in frequency (ΔF) and dissipation (ΔD)
were continuously monitored for the fundamental frequency and the
3rd, 5th, 7th, and 9th harmonic overtone. For clarity, only the first three
harmonics are plotted. Calculations of the layer thickness were
performed with QTools Software (BiolinScientific, Version 3.1.33)
using the Voigt extended viscoelastic model. Fits were obtained based
on the first three harmonic overtones and a power based shear
dependence. The TA and PG layer densities were assumed to be 1046
and 1435 kg/m3, respectively. Fluid density was set to 1027 kg/m3.22

Reported values should be taken as guidance.
Adhesion Force.Ti substrates (Ø6mm coins) were coated for 24 h

in 10 mL of HEPES buffer (pH 6.8) containing 1 mg/mL TA, Siaq, and
600 mM NaCl. Then 10.28 μm polystyrene (PS) particles (100 μL,
10% w/v, Microparticles GmbH) were washed with 900 μL of Milli-Q
water three times by centrifugation (1500g, 60 s) and removing of the
supernatant. Subsequently, PS particles were incubated under constant
stirring (400 rpm, 6 h) in 1mL of TA solution (2mg/mLTA inHEPES
buffer pH 7.0 containing 600mMNaCl and Siaq). Then 500 μL aliquots
of the dispersion were withdrawn into 1.7 ml plastic tubes and washed
with Milli-Q water three times.

To attach a PS particle on a cantilever, the tipless MLCT-O10
cantilever (Bruker, spring constant ∼0.03 N/m) was lowered into a
small amount of adhesive (two-part epoxy adhesive, Super Glue
Corporation, U.S.A.) that was then promptly used to pick up a colloidal
PS particle deposited on a glass slide. Themodified cantilever was left at
room temperature to allow the adhesive to dry and set for 24 h.

The atomic force microscopy (AFM) measurements were carried
out by Cypher ES (Asylum Research, U.S.A.) with a colloidal probe in
liquid. Prior to the measurement, both the TA coated Ti substrate and
the colloidal probe were incubated in solutions for 10 min to reach
equilibrium state. The spring constant of the colloidal probe was
calibrated before taking force measurements. During the measurement,
both the approaching and retracting velocity were kept at 500 nm/s.
Between measurements in different solutions, the cantilever was
washed withMilli-Q water and carefully dried to remove any residue on
the colloidal probe. For each sample, at least 100 force curves were
analyzed using Igor Pro 6.37.

Radical Formation. Electron paramagnetic resonance (EPR)
spectra of polyphenolic radicals were recorded on a Bruker EleXsyS
560 SuperX X-band spectrometer using 25 μL quartz microcapillaries
(Blaubrand, intraMark) inserted in a 4 mm Wilmad quartz tube
positioned in the cavity by a Teflon rod. For all experiments, an
ER4122SHQE cavity was used. The spectra were obtained at 0.50 mW
input microwave power (i.e. 26 dB power attenuation), receiver gain of
55 dB, 0.01mTmodulation amplitude, a time constant of 81.92ms, and
a sweep time of 83.89 s. The magnetic field sweep width was 1 mT with
a resolution of 1k points. Polyphenols were dissolved 1 h prior to the
measurements. The pH was adjusted 1 min before each experiment
under gentle agitation. Details on radical modeling can be found in the
Supporting Information (SI). The signs of the hyperfine coupling
(HFC) constant cannot be inferred from the experimental data; hence,
only the absolute values are presented here.

Spectroscopic Structure Elucidation. Fourier Transform Infra-
red (FTIR) Spectroscopy. Identification of functional groups was
performed with a PerkinElmer Spectrum 400 using a universal
attenuated total reflection (ATR) sampler. Droplets of polyphenolic
solutions were evaporated on the ATR crystal. Solutions containing
LiCl did not fully dry and a LiCl·H2O background had to be subtracted
(Figure S2). Spectra were recorded at a resolution of 4 cm−1 and
averaged over 16 measurements to improve the signal-to-noise ratio.
The data was processed by correction for ATR, baseline subtraction,
and normalization to the most intense peak at 1200 cm−1.

Table 1. Correlation of pH and Added Base to Aqueous
Polyphenol Solutions

V10Mbase [μL/mL] 0 0.3 0.5 1.0

pHTAsolution ∼4 ∼8 ∼9 ∼11

pHPGsolution ∼7 ∼8 ∼9 ∼11

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c16946
ACS Appl. Mater. Interfaces 2020, 12, 52457−52466

52458

144



UV−vis Spectroscopy. The electronic state of polyphenols was
determined with a PerkinElmer Lambda 25 spectrophotometer using a
quartz cuvette with 10 mm path length. Spectra were recorded at a
resolution of 1 nm. Due to the high UV absorbance of polyphenolic
molecules, 100× diluted samples were measured in the range of 220−
400 nm.
Nuclear Magnetic Resonance (NMR) Spectroscopy. Solution 13C

NMR was performed on a Bruker AVII 600 instrument using 5 mm
NMR tubes. Native TA was dissolved in heavy water (D2O) at 100 mg/
mLwith TMSP as the internal reference. TA in the presence of 600mM
salts was dissolved in H2O containing 10 vol. % D2O due to solubility
issues in pure D2O. The concentration of Siaq (8 mM) was
stoichiometrically adjusted to the concentration of TA (100 mg/
mL). Spectra were recorded at 150 MHz, 90° pulse, 0.9 s acquisition
time, and 10 s delay time (d1). Solution

29Si NMR was performed on a
Bruker AVII 400 instrument. Siaqwas dissolved at a concentration of 0.1
M in water containing 10 vol. % D2O and TMSP as internal reference.
Spectra were recorded at 79.5 MHz, 1.0 s acquisition time, and 5.0 s
delay time (d1).
Liquid Chromatography−Mass Spectrometry (LC-MS). TA

solutions were separated from salts in a C18 SPE by washing with
10% formic acid and elution with acetonitrile. Then 1 μL aliquots were
injected into a high-performance liquid chromatography system
(HPLC) coupled to a 6495 triple quadrupole (TQ) MS (Agilent
Technologies, Singapore) via an electrospray interface. The reverse-
phase separation was performed at a flow rate of 0.6 mL/min on a C18
column (2.6 μm particle size, 3 mm inner diameter, 100 mm length,
Kinetex) using water/formic acid (0.1% v/v) as solvent A and
acetonitrile as solvent B in a stepwise gradient at 40 °C: 10−50% B (0−
6 min), 50−100% B (6−6.5 min), held at 100% B for 1 min. MS spectra
were recorded in negative mode.
TA Purification. TA was purified on a Biotage Selekt system using a

Sfar̈ C18 Duo (100 Å, 30 μm, 60 g) column. The same eluents as
described above were used to run the gradient: 5% B (0−2 min), 5−
45% B (2−5 min), and 100% B (5−10 min). The solvent was removed
under reduced pressure and the TA fraction was re-dissolved in water
and freeze-dried. Mass spectra were obtained using ESI-QTOF (maXis
II ETD) in positive mode.
Silicomolybdic Assay. The concentration of monomeric orthosi-

licic acid was quantified via the complexation of silicic acid with
ammonium molybdate according to an established protocol.35 Siaq
containing salt solutions were prepared in Milli-Q water filtered twice
through activated carbon to remove any potential interfering ions.36 To
1.25 ml sample, 50 μL of 100 mg/mL ammonium molybdate solution
was added and acidified with 50 μL of 1.5MH2SO4 (pH 3). After 5 min
stirring followed by 5 min settling time, the adsorption of the yellow β-
complex was measured at λ = 400 nm.

■ RESULTS AND DISCUSSION

Characterization of the Ionic Strength Dependent
Coating Deposition of Silicate-TA Networks. The
deposition of TA coatings depended on the concentration of
NaCl (Figure 1A). The continuous increase of the coating
thickness of silicate-TA networks (Figure S3) with increasing
ionic strength at pH 8 reached a maximum layer thickness in the
presence of 700 mMNaCl. At a NaCl concentration cNaCl < 300
mM, the QCM-D data indicated only the formation of a
monolayer. At cNaCl = 300 mM, a continuous deposition process
was possible, which increased in efficiency between 400−600
mMNaCl. Above 600 mMNaCl we observed a cloudy solution,
which was accompanied by a constant frequency and dissipation
drift. Since the control experiment without Siaq behaved
similarly, we associate this effect with the interaction between
TA and NaCl, resulting in limited TA deposition. As the NaCl
concentration was further increased, more TA precipitated.
Thus, unlike TA-Fe3+ networks, silicate-TA coatings did not
benefit from NaCl concentrations beyond 600 mM.23 The
formation of TA aggregates in solution, which lowered the
coating efficiency by reducing the amount of free reactive
molecules, can be related to the described increase in the
roughness of TA-Fe3+ network structures. This effect has been
associated with cluster formation of TA molecules enabled by
the charge screening effect of Na+ ions.23

Coating Formation under Substitution of NaCl with
KCl and LiCl. Upon exchanging NaCl with KCl and LiCl, we
observed that the deposition of TA layers was negatively affected
(Figure 1B). The coating process in NaCl showed three phases
in ΔF/ΔD plots (Figure S4) as reported before21 and the TA
layer reached a thickness of 140 ± 14 nm after 4 h. This
correlates to a thickness of about 100 nm in dry state taken into
account the hydration of the layer.17 The K+ based solutions
turned turbid immediately upon mixing (see the SI video). This
behavior was observed in a pH range between pH 6.0 and 9.0
and led to a significant loss of coating efficiency, resulting in a
thickness of only 18± 6 nm after 4 h. Above pH 9, KCl led to the
formation of TA coatings. However, NaCl did not result in a
coating formation (Figure S5). In comparison, LiCl inhibited
the coating formation and delayed the polymerization process
substantially as the solutions were not turning turbid during the
first 4 h. As a result, a layer thickness of only 3.1 ± 0.3 nm was
obtained. Neither adjusting the pH in the range pH 6−11, nor
lowering the LiCl concentration to 50 mM resulted in a
successful deposition of TA beyond a monolayer. Further,

Figure 1. (A) Thickness and areal mass of tannic acid films deposited on Ti surfaces for 1 h determined by QCM-D. TA was dissolved in water
supplemented with varying amount of NaCl, 80 μMSiaq at pH 8 (n = 3). Control experiments without Siaq are given in grey overlays. (B) Progression of
thickness and areal mass during the coating process of TA followed by QCM-D (n = 3). TA was dissolved in 100 mMHEPES containing 600 mM salt
and 100 μM Siaq at pH 7.8. Insets show coated Ti coins (right). (C) Surface force between two TA coatings upon retraction of the AFM cantilever in
100 mM salt solutions. For each solution, 100 data points were collected. Boxplots show 25/75 percentiles, minima, maxima, and mean values.
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increasing the concentration of Siaq to 1 mM led only to a slow
deposition of TA reaching a layer thickness of 17.0 ± 0.3 nm
after 4 h (Figure S6). Higher concentrations of Siaq at pH 7.8
were not considered since Siaq condensation caused a drifting
QCM-D signal (Figure S7).
Although we have shown that silicate-phenolic networks did

not form in the presence of KCl and LiCl, Fe+3 based metal-
phenolic films can be assembled in the presence of both salts.24

We suspect that the continuous built-up of silicate-TA networks
behaved differently compared to Fe3+ based structures due to the
interaction of TA and Siaq. We hypothesize that the assembly of
MPN films is mainly facilitated by the strong interaction
between vicinal diol groups and Fe3+ compared to possibly
weaker interactions of TA with silicic acid.37 Contrary to the
deposition of silicate-TA layers, PG coatings were successfully
formed in all tested salt conditions (Figure S8). While the PG
layer reached a higher thickness in the presence of KCl, some
larger particles were formed after 12 h deposition time. This was
also represented in QCM-D data showing splitting overtones.
Opposed to the TA coating formation, the PG deposition was
positively affected by LiCl and showed higher deposition rates
than in NaCl.
The increased coating deposition of PG in LiCl solution

supports our expectation that the different cations affect the
formation of silicate-TA networks. To estimate the strength of
cation-π complexes, the adhesion force between TA coated
surfaces in the presence of salts was determined. Compared to
NaCl and LiCl, KCl showed a significantly higher adhesion force
between the surfaces (Figure 1C). Cation-π interactions are
known to follow the stability order Li+ > Na+ > K+ in the gas
phase,38 whereas the order changes in aqueous phase to K+ >
Na+, Li+ due to a reduction of the desolvation penalty of the
larger K+ ion.25,27 Indeed, the high affinity of K+ ions towards
phenolic groups allows K+ to replace Na+ in polydopamine
assemblies and to participate in competitive binding between
other cations and aromatic compounds.11,26,27 The high
interaction potential of K+ causes the increased retraction
force (Figure 1C) and is also likely to induce the precipitation of
TA in KCl solution near neutral pH. Thus, KCl is not well suited
for our previously determined coating conditions, in which the
layer thickness was increased.17

Intermolecular Interaction of TA in the Presence of
Different Salts. The difference between the coating formation
of TA and PG and the low interaction potential of TA with Li+

raised the question of whether electrostatic interactions

sufficiently explain the suppressed coating formation of TA in
the presence of LiCl. Preventing the formation of TA coatings by
LiCl could originate from two options: (i) interaction of Li+with
TA or (ii) interaction of Li+ with Siaq. It is known that Li+ is
tightly coordinating H2O, which may alter the TA hydration
shell.39 Further, the potential binding to TA hydroxyl reaction
sites23 and the high stability of ionic (O‑

···Li+) complexes may
cause irreversible Li+ complexes with phenolic structures.40,41

This effect is for example encountered in lithiation of the solid-
state interface in energy storage materials.42 Regarding
interactions between Li+ and Siaq, an interaction preventing
the assembly of silicate-TA networks may also be plausible, but
evidence of any reactions under the conditions of this study were
not found in literature. Therefore, we continued to evaluate
whether the different salts have an effect on the reaction
chemistry during the layer formation. Since the polyphenol
chemistry is largely driven by their oxidation, we studied the
formation of polyphenolic radicals to check whether these
reaction intermediates are influenced by alkali metal salts.

Polyphenolic Radical Formation. In contrast to the pH
used to obtain coatings, the pH had to be slightly increased for a
reasonable EPR signal. While radicals could be observed at pH 9,
the alkalinity of the solutions was further increased to pH 11 for
kinetic and quantitative measurements. At this pH, TA
presented two main radical triplets (◊,⧫) with 1:2:1 hyperfine
splitting intensities and an additional radical doublet (●) with
1:1 hyperfine splitting (Figure 2A). By fitting radical models to
the experimental data (Figure S9 and S10), we obtained the
proton splitting constants (aH), line widths (LW), and g-values
of TA radicals (Table 2). Galloyl radicals typically form via a
sequential proton loss electron transfer (SPLET) mechanism
with the 4O• being the most stable radical (Scheme 1).43,44 In
agreement with this structure, the hyperfine splitting of R1 (⧫)
and R2 (◊) radicals is caused by the two equivalent protons in

Figure 2. (A) EPR spectrum of 1 mg/mL TA dissolved in water and (B) 600 mM of either NaCl, KCl, or LiCl. All solutions were adjusted to pH 11.
(C) EPR spectrum of 1 mg/mL PG dissolved in 600 mM of either NaCl, KCl, or LiCl at pH 11.

Table 2. Parameters of TA and PG Radical Species

TA radical equiv. protons aH [mT] LW [mT] g

1 (⧫) 2 0.107 0.0035 2.0055

2 (◊) 2 0.112 0.0079 2.0056

3 (●) 1 0.152 0.0031 2.0050

4 (○) 1 0.052 0.0032 2.0054

PG radical equiv. protons aH [mT] LW [mT] g

1 1 0.5514 0.0041 2.0054

2 0.0995
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the galloyl group. The ⧫-radical displayed HFC constant aH =
0.107 mT and a LW equal to gallic acid (GA), the structural
subunit of TA (Figure S11).45 In comparison, the◊ radical has a
broader LW and slightly higher aH.
The occurrence of two different radicals may be explained by

differences in spin density or spin relaxation times in the outer
galloyl group compared to the inner group. It has been proposed
that both groups are chemically not equivalent with the inner
galloyl groups being more prone to oxidation.46 However, since
we have found free GA in the commercial TA (Figure S12), and
para-substitution in TA increases the coupling constant,47 it is
more likely that the R1 (⧫) radical corresponds to free GA
radicals. Under this assumption, R2 (◊) represents the radical of
a galloyl ester group, which we have proven by comparing TA
with penta-galloyl glucose (PGG) radicals (Figure S13). Thus,
our results agree with previous studies determining the HFC
constant of PGG radicals and gallate-ester radicals.31,32 In
addition, after purification of the commercial TA, we observed a
spectrum with one ◊-radical triplet (Figure S14). Once the
purified TA was subjected to higher pH, the second ⧫-radical
emerged in the spectrum indicating hydrolysis of the galloyl
groups from TA, generating free GA.
R3 (●) however represents an unknown radical structure

coupling with only one proton. Although phenolic molecules
may form C−C bonds at C2 or C6 position, the coupling
constant is unreasonably high and not comparable to C−C
coupling observed in ellagitannins (Figure S15).48The lowHFC
constant aH = 0.05 mT in ellagic acid indicates a low electron
spin density at the meta position to the radical electron as
indicated in Scheme 1. This stands in contrast to reports
suggesting that this EA radical position is thermodynamically
not the most stable species.49 Further, the higher g-value of the
●-radical compared to ◊- and ⧫-radicals may suggest the
substitution of a phenolic ring proton with an electron donating
group.50 Recent quantum chemical studies have shown that
hydrogen bonding affects the radicalization mechanism for

various phenolic structures.51 Yet these models need further
experimental evidence to deduct the molecular structure of the
●-radical.

Altered Radical Formation in the Presence of Alkali
Metal Salts. EPR spectra of saline TA solutions showed a
significant salt dependent difference in the intensity of both ◊-
and⧫-radical species and the absence of●-radicals in the EPR
spectra of TA solutions containing LiCl (Figure 2B). In the
presence of NaCl and KCl, commercial TA preferably yielded a
◊-radical, whereas LiCl facilitated the formation of the
⧫-radical. While radical parameters of both ⧫- and ◊-radicals
in NaCl and KCl solution did not differ from their
corresponding signals without salt, LiCl appeared to slightly
reduce the HFC constant compared to solutions without salt.
This can be explained by influences in charge densities caused by
the cation.34,41 All salts produced lower intensities for ⧫- and
◊-radicals (Figure S16). At pH 9, this effect was however
canceled by Siaq for NaCl and LiCl (Figure S16), which suggests
a radical stabilizing effect similar to Zn2+.33,52

We conducted further studies investigating whether the
●-radical is a specific form of oxidation product by inducing the
radical formation chemically with periodic acid and sodium
persulfate.53,54However, neither oxidant resulted in a significant
change in the observed TA radical species (Figure S17). Further,
no radicals could be detected in the sole presence of the
oxidants. Since the oxidation in alkaline condition is strongly
dependent on the oxygen update,15 we next investigated the
radical formation under varying O2 uptake. We observed a new
radical (○) displaying a doublet structure with aH = 0.052mT in
vigorously shaken solutions (Figure S18). This species was
observed directly at t = 0 min and appeared more stable than the
other radical species. It is likely a reaction product of the
oxidative coupling of GA,55 since the similarity to EA radicals is
striking (Figure S15).
To compare our observations for TA to the deposition of PG

coatings, we further studied PG radicals (Figure 2C). At pH 11,

Scheme 1. Scheme of Gallic Acid (GA), Tannic Acid (TA), Pyrogallol (PG), and Ellagic Acid (EA) Radicals with Equivalent
Protons Marked in the Same Color
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the EPR spectrum presented a doublet composed of 1:2:1
triplets with aH = 0.551 and 0.099 mT, respectively (Table 2).
This pattern originated from the two chemically different
protons of PG (Scheme 1), with the para proton exhibiting the
larger HFC constant. Both in LiCl and NaCl, PG displayed
similar EPR signals at pH 11. KCl however led to a reduced
intensity, which stands in contrast to the observed coating
formation. The same result was also observed in solutions
without the respective salt.
In conclusion, the structure of the ●-radical remained

unexplained and we suggest it is a form of contamination in
commercial TA since it did not appear in the purified TA
spectra. However, we have shown that NaCl facilitated the
formation of the TA radical, whereas in the presence of Li+, GA
radicals were observed. The formation of GA could be the
reason for the reduced ability to form coatings since GA cannot
be continuously deposited on surfaces.22 The lower molecular
weight GA potentially reacts faster with Siaq and blocks the
formation of TA coatings. Additionally, PG only showed one
type of radical with a salt dependent intensity. This may explain
why PG coatings were formed regardless of the type of salt.
pH Dependent TA Radical Distribution. After observing

a salt dependent TA radical distribution, we investigated
whether different salts have an effect on TA radicals at varying
pH. With increasing pH, an increase in signal intensity (Figure
S19) was accompanied by a change in the ratio of the two main
◊- and ⧫-radicals (Figure 3A). In salt free solutions, both
radicals were almost equally distributed at pH 11 and 12. Once
the pH is further raised to pH 13, K+ based solutions showed
higher contents of the ◊-radical, while in NaOH the ratio is
shifted more to the ⧫-radical. Solutions adjusted with LiOH
resulted in a ⧫-radical dominated spectrum. Upon including
salts, the K+ and Na+ based spectra indicated higher content of
◊-radicals throughout the whole pH range (Figure 3B). In
contrast, LiCl increased the ratio of the ⧫-radical even more
compared to LiOH solutions. This corroborates our previous
result with purified TA (Figure S14) showing that with
increasing pH TA hydrolyses and breaks down to form GA
subunits and that this process is reduced in NaCl and KCl but
accelerated in LiCl solution. The HFC parameters of ◊- and
⧫-radicals further showed a decrease in LiCl solution with
increased LiOH concentration to aH = 0.102 mT and aH = 0.108
mT respectively (Table S3). Further, the decreasing coupling
constant indicates strong Li-coordination to the phenol group
affecting its electron distribution. Similar ion specific inter-
actions have been observed in anhydrous environment.56 These
results support our initial observation that LiCl has a distinct
role in the formation of GA radicals. Further, the trend allows us
to extrapolate to pH level closer to the coating conditions for
which we expect similar behavior.
Time Dependent TA Radical Stability. Radicals are short-

lived intermediary structures and key structures in oxidative
reactions.47Hence, we investigated the decay of the radicals over
time. TA radicals at pH 12 were stable for more than 3.5 h in
NaOH, KOH, and LiOH solution (Figure 3C−E). However, the
presence of the respective salts compromised TA radical
lifetime, as the signals decayed before 3.5 h. In the course of
the decay, the intensity of the◊ radical continuously decreased
and diminished earlier than the ⧫-radical. This may indicate a
transformation of the ◊ radical to the ⧫-radical and a
subsequent radical termination. Thus, this time dependent
signal reduction also supports the suspected hydrolysis reaction.
Coincidentally this timespan correlates with the kinetically

fastest period of the coating formation suggesting that radicals
could play a key role in this process.17,21

Spectroscopic Structure Analysis. A clear limitation of
the EPR measurements is however the raised pH compared to
the coating condition. TA coatings could not be obtained in
NaCl solution above pH 9 (Figure S5). Only in KCl it was still
possible, presumably due to retaining of the TA radical structure.
However, we expect that reactions occur already at lower pH,
which only get accelerated in alkaline pH. To support our EPR
results showing that Li+ ions alter the electronic structure of
polyphenols also at coating conditions, we studied the UV−vis
spectra of TA for different pH levels.
The absorption peak of pristine TA at 275 nm changed upon

pH induced oxidation and resulted in two peaks appearing at
234 and 324 nm due to deprotonation (Figure 4A).57 These
decayed above pH 11, indicating that the molecules have lost
their initial structure (Figure S20). While we did not observe
significant differences in TA solutions adjusted with any of the
bases NaOH, KOH, or LiOH, the addition of salts resulted in

Figure 3. (A) Ratios of modeled peak areas of TA radical 1 (⧫) vs
radical 2 (◊) in water and (B) salt containing solutions. (C) Time
dependent radical decay of TA dissolved in Na+, (D) K+, and (E) Li+

containing solutions at pH 12.
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the appearance of a peak at 290 nm at pH 7. In solutions
containing NaCl, the peak at 290 nm was distinct while in KCl it
existed only as a shoulder of the 324 nm peak and in LiCl it was
the main peak of the spectrum. These peaks may be an
indication for the formation of GA and EA, which show peaks
around 290 nm (Figure S21).58 These results confirm our EPR
and LC-MS results and point out that LiCl leads to hydrolysis of
TA.
We further analyzed the spectra of PG with the hypothesis

that we observe less distinct differences between the added salts.
While PG dissolved in water showed a peak at 268 nm, three
peaks merged at 300, 335, and 410 nm after increasing the pH
with NaOH, KOH, or LiOH (Figure S22). Adding salts to PG
solutions at pH 7 reduced the peak at 300 nm resulting in a
double peak at 345 and 430 nm (Figure 4B). The lack of
significant differences in the PG spectra confirm the hypothesis
and support the salt independent coating formation of PG.
Since we had evidence for the creation of GA and EA, we

investigated whether we can determine changes in the chemical
structure of TA solutions by FTIR. The presence of salts resulted
in minor peak shifts and peak broadening of TA spectra at pH 8
compared to pristine TA (Figure 4C). However, the peak
broadening was primarily induced by the change in pH (Figure
S23). These peak shifts in the range of 2−5 cm−1 have been
observed for K- and Li-phenolates59 as well as for Fe-TA
network structures.60 The most dominant differences are (i) the
shift of the CC stretching vibration from 1534 to 1505 cm−1,
(ii) the broadening and shift of phenolic C−O and C−H
bending vibrations from 1316 to 1340 cm−1 (Table S4), and (iii)
the shift of the C−H bending vibration from 1030 to 1040 cm−1

in alkaline conditions. These differences correlate to EA and GA
spectra (Figure S23D) and may thus indicate the formation of
EA and GA upon oxidation of TA. The addition of 100 μM Siaq
in Li+ and K+ systems did not lead to changes in the spectra.
However, Na+ systems with Siaq showed variations in the peak-
to-peak intensities for absorption bands at 1598 cm−1, 1504
cm−1, 1087 cm−1 and 1026 cm−1. Although FTIR results are not
suitable for an absolute structure determination due to the high
similarity of TA, GA, and EA spectra, the obtained results
indicate a plausible mixture of the compounds. Moreover, TA
precipitate (TAP), we observed during the coating formation,
showed typical oxidation induced peak shifts for both NaCl and
LiCl containing solutions (Figure S24),22 whereas KCl captured
TA in its non-oxidized form.
Additionally, we conducted NMR experiments to check for

changes caused by the interaction between TA and Na+, K+, or

Li+. The 13C NMR of TA showed a typical spectrum and no
apparent changes in the presence of salts and Siaq were observed
(Figure S25). Similar to LC-MS (Figure S12), 13C NMR of TA
solutions showed the presence of free gallic acid. A correlation
with emerging C−O−Si bonds could not be obtained to study
the interaction of TA and Siaq as described by solid-stateNMR.17

Precipitation occurring during the course of the measurement
likely excluded the cross-linked TA molecules from being NMR
active.

Interaction of Na+, K+, and Li+ with Siaq.We investigated
the potential of salts to interact with Siaq inhibiting the formation
of silicate-phenolic networks by blocking silicic acid. 29Si NMR
experiments of 0.1 M Siaq showed a major peak for silicic acid
(Q0) followed by minor peaks of Si polycondensates with Q1

and Q2 states (Figure S26).61 Only minor shifts of 0.2 and 0.3
ppm occurred in the solutions containing 600mMNaCl or LiCl,
respectively, which can be explained by ion-pairing.62 However,
more elaborate experiments have previously shown irreversible
complexation of silicate anions with Li+.63 We could not
determine these interactions by NMR and our sole observation
that Siaq interacts with LiCl is based on QCM-D data that
showed a significantly reduced Siaq condensation in LiCl
solution (Figure S7D).
Finally, we evaluated the amount of free silicic acid in

solutions containing NaCl, KCl, and LiCl by a silico-molybdic
assay. The assay resulted in an equal amount of free Siaq
irrespective of the added salts. The linear correlation between
the absorbance of the silico-molybdic complex was maintained
until the capacity of the assay was reached well beyond the
concentration of Siaq used to obtain TA coatings (Figure S27).35

Although we did not observe a reduction of free silicic acid we
take into account that the acidic pHmay shift the dissociation of
the weak silicic acid (pKA = 9.8) towards neutral charge, thus
limiting its interaction with cations and not representing
reactions at the coating condition.

■ CONCLUSION

We have taken a closer look at the effects of different salts and
their concentration on the silica (Siaq) mediated coating
formation of tannic acid (TA). Our results revealed that 600
mM NaCl is required to effectively form silicate-phenolic
networks. Substitution with KCl resulted in strong interaction
with TA leading to precipitation near neutral pH, whereas LiCl
prevented any deposition of TA coatings beyond a monolayer.
Using EPR, we obtained insight into the salt dependent

radical formation during the oxidation of TA. While NaCl

Figure 4. (A) UV−vis spectra of TA and (B) PG at concentrations of 0.01mg/mL. Solutions were supplemented with 600mMNaCl, KCl, or LiCl and
adjusted to pH 7. For representation, the respective polyphenolic solution without salt is added in dashed lines. (C) FTIR spectra of TA supplemented
with 600 mM NaCl, KCl, or LiCl and adjusted to pH 8.
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promoted the formation of TA radicals, LiCl resulted in the
formation of GA radicals. LiCl is likely contributing to hydrolytic
cleavage of the galloyl ester bonds of TA and thereby inhibiting
the formation of silicate−TA networks. In contrast, pyrogallol
(PG) coatings, which do not rely on Siaq crosslinking, were
independent on the type of alkali metal cation and EPR spectra
did not show a salt dependent radical formation. Although EPR
experiments were conducted at elevated pH, supporting
spectroscopic experiments corroborated that LiCl results in
hydrolysis of TA also under coating conditions. Further, we
obtained indications that LiCl interacts with Siaq, preventing the
formation of silicate-TA networks.
In summary, we highlight that charge screening may not be

the only important interaction of alkali metal salts in the
chemistry of silicate-phenolic networks. Depending on the
coating mechanism, the specific interactions between poly-
phenols and cations must be taken into consideration to obtain
desired reaction conditions in biologically relevant environ-
ments. Our EPR data lays the fundament for further quantum
chemical investigations of phenolic radicals. This may find
application in further investigations into the chemistry of
polyphenols, e.g., whether TA radicals are a prerequisite to form
silicate-phenolic networks.
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Abbreviations 

Tannic acid (TA), penta-galloyl glucose (PGG), pyrogallol (PG), gallic acid (GA), ellagic acid (EA), aqueous sodium 

meta silicate (silicic acid, Siaq). 

 

Supplementary Methodological Information 

EPR modeling: 

Individual radicals of TA, GA, and PG were modeled from different datasets, which were normalized to a peak-to-

peak amplitude of 2000 (Figure S9 & Figure S10). TA radical spectra were aligned to the radical field position of the 

¨ radical species. The set of four different radicals R1 (¨), R2 (à), R3 (·), and R4 (¢) was then verified with the 

experimental data of TA under high O2 uptake directly after shaking (Figure S18B, 0 min), which showed peaks of all 

four radical species. All simulations were performed on a computer equipped with a 64 bit Intel 4-core processor with 

the software WinSim (V. 1.0, 2002)a running under Windows 7.1 Estimated uncertainties of g-values were ≤ 0.0001, 

hyperfine coupling (aH) £ 0.002 mT. The signs of the hyperfine couplings may be positive or negative, but can not be 

inferred directly from the experimental spectra. Thus, only the absolute values are presented in the Tables. 

Ratios of the TA radicals ¨ and à, given in Figure 3A and 3B, were obtained by modeling the individual radicals for 

each experimental dataset. For the decay rates given in Figure 3C - 3E, double integration of the raw data peaks at 

351.4 mT was performed instead. We compared this semi-quantitative method to the full modeling approach for the 

data and concluded that the estimation via the experimental peak area resulted in sufficient data quality. Note that the 

overlap of the peaks in the raw data however does not allow for absolute quantification. 

 

                                                           
a retrieved from https://www.niehs.nih.gov/research/resources/software/tox-pharm/tools/index.cfm 

on March 19th, 2019. 
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Supplementary Figures 

pH of polyphenolic solutions 

 

Figure S1: (A) Sequential increase of pH with the addition of defined volumes of 10 M NaOH, KOH, or LiOH to 1 mg/ml tannic 

acid, (B) pyrogallol, or (C) gallic acid solutions. All solutions contained 600 mM of the respective alkali metal chloride. Note that 

the LiOH concentration was 1 M due to its solubility limit but corrected by the volume. For simplification, 10 M notation is used 

throughout the ESI. 
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ATR-FTIR LiCl×H2O background  

 

Figure S2: FTIR measurements of dried liquid droplets on an ATR crystal. For LiCl, we subtracted a LiCl×H2O background (pink) 

from the TA sample spectrum. 
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Supplementary QCM-D data 
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Figure S3: QCM-D raw data for the NaCl dependent coating formation of TA. Presented are averaged (n = 3) changes in frequency 

(DF) and dissipation (DD) for the 3rd, 5th, and 7th, harmonic overtone. TA was dissolved in water at 1 mg/ml at given ionic strengths 

compared to HEPES buffer during other QCM-D experiments. This decision was made to correlate effects with experiments at pH 

exceeding the buffer capacity of HEPES. The pH was adjusted to pH = 8 with 0.3 ml/ml 10 M NaOH and solutions were 

supplemented with 80 mM Siaq. Control measurements were conducted without the addition of Siaq. Error bars denote standard 

deviations. Note that the drift in control experiments for experiments containing ³ 700 M NaCl is not caused by a stable layer 

formation but is rather an effect of particles since flushing with buffer caused an instant return of the signal to the baseline. Analysis 

of the data in Figure 1A of the manuscript was performed at the 1 h mark to avoid any influence of the particle formation, which 

causes splitting overtones and a leap in dissipation.  
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Figure S4: QCM-D raw data of the continuous layer formation of tannic acid (TA) in HEPES buffered solutions at pH = 7.8 with 

different alkali metal salts. The concentration of (A) NaCl, (B) KCl, and (C) LiCl was 600 mM and the pH was adjusted with NaOH, 

KOH, and LiOH respectively. Plots show the average change of frequency (DF) and dissipation (DD) from three individual 

experiments (n = 3) with error bars denoting standard deviations. (D) Plots of DF/DD for the 5th harmonic show distinct three phases 

(I, II, and III) of TA adsorption in NaCl compared to KCl and LiCl. In phase I rapid adsorption is forming a ridig layer. Phase II is 

characterised by a continous build-up with increasing dissipation. In the last phase, the deposition of TA comes to an end and the 

process is governed by loose binding of reacted polymers to the surface. 

 

 

 

 

 

 

 

 

160



S-9 

 

 

Figure S5: Coating formation of TA followed by QCM-D. (A) TA was dissolved in water containing 600 mM NaCl at pH = 9 

using 0.5 ml/ml 10 M NaOH. Solutions turned immediately orange and particles could be observed after 40 min. (B) TA dissolved 

in 600 mM KCl solution at pH = 9 using 0.5 ml/ml 10 M KOH. Solutions stayed green in color but turned from an initially clear 

solution turbid after 15 min. (C) TA in 600 mM LiCl solution at pH = 9 using 0.5 ml/ml 10 M LiOH. The color appeared orange 

similar to NaCl solution. However, no particle formation was observed for 4 h of the experiment. 

 

Figure S6: (A) Progression of the coating thickness of TA dissolved in HEPES at pH = 7.8 supplemented with 600 mM LiCl and 

1 mM Siaq. (B) The corresponding change in frequency (DF) and dissipation (DD) of panel A given as an average of three 

experiments (n = 3) for the 3rd, 5th, and 7th harmonic overtones. After 6 h an incline in dissipation and splitting in overtones indicated 

the overlaying effect of particle formation. 1 mM Siaq was chosen as upper limit to prevent auto-condensation of silicic acid in 

slightly alkaline conditions (Figure S7). Error bars denote standard deviations. 
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Figure S7: Reaction of 10 mM Siaq in water and 100 mM HEPES at pH = 7.8 supplemented with 600 mM NaCl, KCl, LiCl. Graphs 

show the change in frequency (DF) and dissipation (DD) as average of three experiments (n = 3) for the 3rd, 5th, and 7th harmonic 

overtones. (A) Siaq dissolved in water remains stable in solution with an average frequency shift of -6 ± 0.5 Hz related to changes 

in viscoelastic properties of the solution and adsorption to the Ti surface. (B) Siaq in NaCl containing buffer solution displayed a 

slow continuous layer build-up. (C) Even more pronounced was the formation of either a SiO2 layer in presence of KCl or a large 

change in the viscosity of the solution.2 Both SiO2 layers reaching -30 ± 2 Hz from NaCl and -120 ± 31 Hz from KCl solution had 

to be dissolved in alkaline condition for 1 h. Thus we expect that this behavior did not only result from changes in the bulk fluid. 

(D) In presence of LiCl the silica layer formation was strongly inhibited showing a decrease in frequency of -12 ± 7 Hz after 2 h. 

Error bars denote standard deviations. 
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Figure S8: Progression of the change in frequency (DF) and dissipation (DD) as average of three experiments (n = 3) for the 3rd, 

5th, and 7th harmonics monitored by QCM-D. (A) PG dissolved in HEPES at pH = 7.8 supplemented with 600 mM NaCl, (B) 

600 mM KCl, (C) 600 mM LiCl. (D) Plot of dissipation vs frequency for the 5th harmonic representing the kinetics and layer 

characteristics of PG. The PG deposition process in KCl systems is subject to higher variance and larger particles were observed 

forming in the system in comparison to PG in NaCl and LiCl solution. Kinetically, the deposition of PG in LiCl and NaCl was 

similar but higher dissipation in LiCl indicates a less rigid layer, possibly due to a higher water content. In KCl solution, PG exhibits 

faster initial deposition kinetics, which led to a more rigid structure until the layer became more dissipative. (E) Progression of 

thickness and areal mass during the coating process of PG. Note that for calculation of the film thickness a fixed layer density was 

used and potential ion-dependent changes in layer density were not accounted for.3, 4 The insets show coated Ti coins (right) versus 

Ti reference coins (left). Error bars denote standard deviations. 
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Supplementary EPR figures 

 

 

Figure S9: Experimental (black) and simulated (red) EPR spectra from various mixtures of single radical patterns. The magnetic 

field scale is common whereas the resonance frequencies in each panel were slightly different so that the same radical pattern in 

different panels are not aligned. (A) Radical R1, frequency n = 9867.342 MHz, correlation factor CF = 0.9825. (B) Radical R1 

(35%) and radical R2 (65%), n = 9867.3339 MHz, CF = 0.9823. (C) Radical R1 (28%), radical R2 (50%) and radical R3 (22%), 

n = 9867.333 MHz, CF = 0.9791. (D) Radical R2 (95%) and radical R3 (5%), n = 9867.380 MHz, CF = 0.9793. (E) Radical R1 

(30%), radical R2 (42%), and radical R4 (27%), n = 9867.342 MHz, CF = 0.9304. (F) Radical R1 (20%), radical R2 (57%), radical 

R3 (6%), and radical R4 (17%), n = 9867.407 MHz, CF = 0.9867. For detailed results and listing of all parameters, please refer to 

Table S1. 
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Table S1: Simulated TA radical parameters of Figure S8 

Panel Radical 
Equiv. 

protons 
aH [mT] LW [mT] g Weight [%] 

A R1 2 0.1068 0.0034 2.00556 100 

B 
R1 2 0.1074 0.0034 2.00541 35 

R2 2 0.117 0.0073 2.00551 65 

C 

R1 2 0.1073 0.0042 2.00548 28 

R2 2 0.1108 0.0083 2.00558 50 

R3 1 0.1537 0.0038 2.00481 22 

D 
R2 2 0.1113 0.0086 2.00558 95 

R3 1 0.1514 0.0038 2.00496 5 

E 

R1 2 0.1069 0.0034 2.0054 30 

R2 2 0.1121 0.0083 2.00564 42 

R4 1 0.0530 0.0049 2.00541 27 

F 

R1 2 0.1073 0.0042* 2.00548 20 

R2 2 0.1121 0.0046* 2.00558 57 

R3 1 0.1526 0.0031 2.00497 6 

R4 1 0.0522 0.0032 2.00537 17 

*unusual linewidths likely caused by overlapping peaks in this particular spectrum 
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Figure S10: Experimental (black) and simulated (red) EPR spectra from various mixtures of single radical patterns. (A) GA radical 

R1 (17.5%) and radical R2 (82.5%), frequency n = 9867.420 MHz, correlation factor CF = 0.9921. (B) PG radical R1 (100%), 

n = 9867.434 MHz, CF = 0.9931. For detailed results and listing of all parameters, the reader is referred to Table S2. 
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Table S2: Parameters of modeled gallic acid (GA), pyrogallol (PG), ellagic acid (EA), and penta-galloyl glucose (PGG) 

radicals. 

Radical Equiv. protons aH [mT] LW [mT] g Weight [%] 

GA R1 2 0.107 0.0045 2.00560 82.5 

GA R2 

1 0.079 

0.0043 2.00547 17.5 1 0.030 

1 0.015 

PG R1 
2 0.0995 

0.0041 2.0054 100 
1 0.5514 

EA R1 1 0.0509 0.0041 2.00536 100 

PGG R1 2 0.1068 0.0038 2.00549 51 

PGG R2 2 0.1105 0.0091 2.00557 59 

 

 

 

Figure S11: EPR spectrum of 1 mg/ml gallic acid dissolved in water or 600 mM NaCl solution and adjusted with 1 ml/ml 10 M 

NaOH (pH = 9). A 1:2:1 hyperfinesplitting of the major radical peaks originate from fully dissociated hydroxyl groups and the equal 

interaction of the unpaired electron of the O· radical with each of the two protons of the benzene ring.5 The weaker resonance is 

due to partially deprotonated gallic acid, which features three inequivalent protons (Scheme 1).6 
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Figure S12: (A) LC-MS chromatogram (DAD 280 nm) of TA oxidized in 600 mM NaCl, KCl, and LiCl solution at pH = 11 after 

solid-phase extraction (SPE). Mass spectroscopy was performed on a triple quadrupole MS in MS2 mode. Pristine TA showed a 

high content of GA ([M-H]- = 169 m/z) in the chromatogram with its higher molecular weight compounds eluting after 8 min giving 

rise to a broad undefined peak. After the oxidation, a peak with a mass of 301 m/z ([M-H]-) indicates the presence of ellagic acid. 

(B) Purification of commercial TA using water:formic acid (0.1 v/v) as solvent A and acetonitrile as solvent B at a flow rate of 

50 ml/min. The TA fraction (green) eluting after approximately 6 min was collected for ESI-QTOF and EPR analysis. (C) Mass 

spectra showed masses up to 1723 m/z indicating the presence of unfragmented Na-adducts of TA. 
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Figure S13: (A) EPR spectrum of 1 mg/ml penta-galloyl glucose (PGG) dissolved in water adjusted with given amounts of 10 M 

NaOH. The à-triplet with 1:2:1 hyperfinesplitting and hyperfine coupling constant aH = 0.111 mT at low pH resembles the R2 

radical of TA. Further details on the modeled radical can be found in Table S2. Once the pH is raised with NaOH, PGG spectra 

showed a transition of the R2 to an R1 radical (¨) with a coupling constant aH = 0.107 mT. (B) TA spectrum overlayed with both 

states of PGG. 

 

 

Figure S14: (A) EPR spectra of purified TA dissolved in water or (B) 600 mM NaCl solution adjusted with given amounts of 10 M 

NaOH. For improved visibility, peak amplitudes were normalized to the center peak of the R2 radical. At low pH = 9, a single triplet 

can be observed representing the R2 radical similarly to PGG. With increasing pH, the second R1 triplet emerges. This indicates 

the hydrolysis of galloyl ester bonds and the release of free gallic acid. Note that both PGG (Figure S13) and purified TA did not 

contain signs of the R3 (·) radical, which may indicate that R3 originates from an impurity in the commercial TA. 
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Figure S15: EPR spectrum of 1 mg/ml ellagic acid (EA) dissolved in water or 600 mM NaCl solution adjusted with 10 ml/ml 10 M 

NaOH. The doublet with 1:1 hyperfinesplitting originates from the single proton in the benzene ring structure. Details to the modeled 

radical can be found in Table S2. Due to the low hyperfine coupling constant aH = 0.05 mT, the radical electron is likely located at 

the vicinal O atom.7 The vicinal position has also been shown to be the most stable conformation provided by the greatest 

delocalization of the radical anion in water.8 
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Figure S16: EPR spectra of 1 mg/ml tannic acid dissolved in water or 600 mM salt solution. (A) Na+, (B) K+, and (C) Li+ containing 

solutions were adjusted with 0.5 ml/ml 10 M NaOH, KOH, LiOH, respectively. The pH of the solutions was approximately pH = 9 

and Siaq was supplemented at a concentration of 100 mM. Note that under the addition of silicic acid, the pH may slightly increase 

by 0.5 and that KCl systems at these pH conditions showed interactions of TA with K+ resulting in turbid solutions. All spectra 

represent added sums of 4 scans with a time constant twice as long as for experiments with ³ 1 ml/ml 10 M alkaline solution 

(163.8 ms). 
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Figure S17: (A) Radical formation under influence of oxidants: 1 mg/ml tannic acid was dissolved in either 600 mM NaCl or (B) 

600 mM LiCl solution adjusted to pH = 11 with 1 ml/ml 10 M NaOH, and LiOH, respectively. Although samples within each graph 

originate from the same solution, the absolute signal intensity is not an indication for the radical quantity but only considered as a 

trend. Note that all experiments were conducted at elevated pH since oxidants on their own did not form any detectable phenolic 

radicals (data not shown). Further, at high pH, persulfate radical anions may also react with hydroxyl anions to form persulfate 

anions and hydroxyl radicals, which would not directly show in the TA radical spectrum.9 
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Figure S18: (A, D) EPR spectra of 1 mg/ml tannic acid dissolved in 600 mM NaCl, (B) water, (C) KCl, or (E) LiCl solution adjusted 

with 10 ml/ml 10 M NaOH, KOH, LiOH respectively. (A, B, C, E) Solutions were shaken vigorously for 60 s until they obtained a 

dark red color and analyzed immediately afterward. The transformation of the signal was then monitored for up to 12 min. (D) In 

comparison, under low oxygen uptake (short mixing and limitation of O2 uptake by diffusion under static condition), the radical R4 

(¢) is not observed. (F) The same observation was made for a TA solution with 1 ml/ml 10 M NaOH and purged with nitrogen, 

indicating that R4 and R3 are formed by reactions with oxygen. 
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Figure S19: (A, C, E) EPR spectra of 1 mg/ml tannic acid dissolved in water or (B, D, F) 600 mM salt solution adjusted with given 

amounts of 10 M NaOH (A, B), KOH (C, D), LiOH (E, F). Increasing pH gave rise to an increased intensity of the sharp radical 

triplet (¨) compared to the broad triplet (à). In general, at higher pH, the signal intensity of salt containing solutions was lower 

compared to the respective water based solution. 
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Table S3: Quantitative ratio of tannic acid radicals in solution with different pH, metal cation, and metal salt content. 

Additionally, the abnormal decrease in hyperfine coupling is given for Li+ solutions. 

 
R1 (¨)  R2 (à) 

µl/ml base 1 10 100  1 10 100 

NaOH 41 % 30 % 71 %  59 % 70 % 29 % 

NaOH + NaCl 0 % 16 % 57 %  100 % 84 % 43 % 

KOH 35 % 22 % 42 %  65 % 78 % 58 % 

KOH + KCl 12 % 22 % 54 %  88 % 78 % 46 % 

LiOH 
45 % 

0.106 mT 
41 % 

0.105 mT 

85 % 

0.102 mT 
 

55 % 

0.110 mT 

59 % 

0.110 mT 

15 % 

0.109 mT 

LiOH + LiCl 
42 % 

0.103 mT 

55 % 

0.103 mT 

87 % 

0.102 mT 

 

 

58 % 

0.109 mT 

45 % 

0.101 mT 

15 % 

0.108 mT 
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UV-vis absorption spectra

 

Figure S20: (A, B) UV-vis spectrophotometric assessment of the electronic configuration of TA in Na+, (C, D) K+, and (E, F) Li+ 

containing solutions. The salt concentrations in panels B, D, and F were set to 600 mM. The pH was adjusted in given increments 

in ml/ml of 10 M of the respective alkaline solution (0.1 ml/ml ~ pH = 7; 1 ml/ml ~ pH = 11, 10 ml/ml ~ pH = 12, 100 ml/ml ~ 

pH = 13). Spectra were taken 1 h after preparation. Due to a high absorbance in the UV region, graphs display the spectrum of 1/100 

diluted samples in the range of 220 – 400 nm. Upon pH-induced oxidation, all solutions turned from colorless via green to a red 

color. A high peak to valley difference between the two peaks at 234 nm and 324 nm further indicated a high galloyl content up to 

pH = 11 with no formation of intramolecular bonds.10 
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Figure S21: (A) UV-vis spectra of 1 mg/ml gallic acid (GA) in 600mM NaCl, (B) KCl, and (C) LiCl containing solutions. (D) 

Spectra of 1 mg/ml ellagic acid dissolved in water. The pH was adjusted in given increments in ml/ml of 10 M of the respective 

alkaline solution. Spectra were taken 1 h after preparation. Due to a high absorbance in the UV region, graphs display the spectrum 

of 1/100 diluted samples in the range of 220 – 400 nm. Pristine GA displays a single peak at 265 nm. Once the pH is slightly 

increased, this peak shifts to 260 nm and 290 nm. Subsequently, GA appears to react to EA indicated by the emerging second peak 

at 355 nm that corresponds to a similar peak position in EA (D). 
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Figure S22: (A, B) UV-vis spectrophotometric assessment of the electronic configuration of PG in Na+, (C, D) K+, and (E, F) Li+ 

containing solutions. The salt concentrations in panels B, D, and F were set to 600 mM. The pH was adjusted in given increments 

in ml/ml of 10 M of the respective alkaline solution (0.1 ml/ml ~ pH = 8; 1 ml/ml ~ pH = 11, 10 ml/ml ~ pH = 12, 100 ml/ml ~ 

pH = 13). Spectra were taken 1 h after preparation. Due to a high absorbance in the UV region, graphs display the spectrum of 1/100 

diluted samples in the range of 220 – 500 nm. 
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FTIR absorption spectra

 

Figure S23: FTIR spectra of TA solutions dried on a diamond ATR crystal. (A) Na+, (B) K+, and (C) Li+ containing solutions were 

adjusted to pH = 8 with 0.3 ml/ml 10 M NaOH, KOH, and LiOH, respectively. NaCl, KCl, and LiCl concentrations were set to 

600 mM. LiCl solutions exhibited a peak at 1631 cm-1, which was subtracted from TA solutions containing LiCl after normalization 

(Figure S2). (D) Spectra of tannic acid (TA), ellagic acid (EA), and gallic acid (GA) reference powders. 
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Table S4. Vibrational modes of tannic acid 

Vibrational mode  
assignmentc,11 

TAref
a TA NaClb TA KClb TA LiClb  

1714 1689 1707 1689  n C=O 

1614 1598 1601 1598  n aromatic C=C  

1534 1504 1500 1510  n aromatic C=C 

1446 1448 1449 1451  

n aromatic C=C  

n C-O 

b O-H 

1373     b C-H 

1316 1338 1338 1340  
g O-H 

g aromatic C-H 

1200 1200 1200 1209  
b C-H 

n C-O 

1087 1087 1090 1094  

g C-H 

b -OH 

b aryl C-O 

1029 1043 1038 1040  s C-H 

874 872 872 874  
b aryl C-O 

g C-H 

 836 836 838  b C-H 

758 760 759 759  
b C-OH 

s aromatic C=C 

a dissolved in water 
b dissolved in water containing 600 mM salt adjusted to pH = 11 with NaOH, KOH, or LiOH respectively 
c n-stretching, s-out of plane bending, b-bending/deformation, g-in plane bending 
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Figure S24: (A) Tannic acid polymerization products (TAP) precipitated after oxidation in 100 mM HEPES at pH = 7.8, 

supplemented with 600 mM NaCl, (B) KCl, or (C) LiCl, and optionally 100 mM Siaq. Particles, which sedimented after 24 h, were 

filtered off, washed with buffer, and dried at 60°C. TAP collected from Na+ and Li+ systems showed typical oxidation. K+, which 

showed strong precipitation captured TA in non-oxidized form. (D) A comparison between NaCl and LiCl shows some minor 

differences in the peak intensities in the range between 1400 cm-1 and 1250 cm-1. 
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13C and 29Si NMR spectra 

 

Figure S25: 13C NMR spectrum recorded at 150 MHz of 100 mg/ml native TA and TA solutions adjusted with 600 mM salt and 

8 mM Siaq. Peak shifts are given relative to TMSP (*). TA showed typical ester peaks at 169 ppm, phenolic carbons at 147 ppm, 

141 ppm, 121 ppm, and 113 ppm, and alkyl carbons between 96 ppm and 65 ppm originating from the central glucose unit. 

Additional peaks marked with (#) may result from free gallic acid.12 TAref was dissolved at 100 mg/ml in D2O. TA was dissolved 

in LiCl and NaCl solution at 100 mg/ml in H2O containing 10 v.% D2O due to solubility issues in pure D2O. Note that due to the 

long NMR run, we tried to keep the sample stable and did not raise the pH. Thus EA was likely not formed in these experiments. 
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Figure S26: 29Si NMR spectra of native 0.1 M Siaq solution (H2O containing 10 v.% D2O) and 0.1 M Siaq solution in the presence 

of 600 mM salt. Spectra were recorded at 150 MHz. Peaks at d = -73.4 ppm, -81.6 ppm to -83.6 ppm, and -89.6 ppm were assigned 

to free silicic acid (Q0) and its condensation products (Q1, Q2). 
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Silico-molybdic assay 

 

Figure S27: Quantification of the concentration of free silicic acid via the silico-molybdic assay. The concentration of Siaq (cSi) is 

directly proportional to the absorbance of the complex at l = 400 nm. Siaq was dissolved in water or 600 mM salt solution at pH = 3 

according to the assay protocol.13 
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