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Abstract

Fibrosis is a pathological process of excessive extracellular matrix (ECM) proteins
deposition within tissues undergoing chronic inflammation. Fibrosis is highly related to
a wide range of disorders across every organ and can cause negative effects on
disease prognosis as well as life expectancy. It can be caused by numerous stimuli
including implantation, aging, cancer, repetitive tissue damage, or disorders which are
highly relevant to the chronic inflammatory reaction. Implantable medical devices can
cause fibrotic capsule formation, which is triggered by the foreign body response
(FBR). Fibrotic capsules can physically interfere with medical devices, thereby
reducing therapeutic outcomes. The diagnostic evaluation of tissue fibrosis relies on
the examination of tissue biopsies by gold-standard histochemical analysis. The
definition, location and characteristics of the area of the fibrotic tissue can induce bias
between individual pathologists with different clinical experiences, expertise and
knowledge. Moreover, the limitations of histological staining involve invasive biopsy
procedures and staining artifacts, which may cause errors in diagnostic results. The
thesis mainly focused on the establishment of a new fibrotic assessment of
implantation-driven FBR in streptozotocin (STZ)-induced diabetic animal model by
using Raman microspectroscopy (RMS). ECM compositions as well as pro-
inflammatory and regenerative macrophage activation states were investigated. We
demonstrated the capability of RMS to discriminate collagen type | (Col I) between
diabetic and non-diabetic rodent models via advanced glycation end products (AGES)
which were integrated into collagen fibers in diabetic groups. Furthermore, in
combination with multivariate analysis (MVA), we revealed that RMS can be used to
discern pathological fibrotic tissues and healthy tissues via the secondary structural
differences based on the Raman spectrum of Col I, which can provide a non-biased
clinical assessment. In addition to ECM characterization, RMS has the potential for
immune cell classification. Raman imaging was applied on tissue sections for
immunophenotyping in accordance with the fluorescence-guided generation of M1/M2
macrophages. The classification was attributed to the differences in DNA methylation
states in the nuclei between M1/M2 phenotypes. In conclusion, Raman imaging and
microspectroscopy offer an advanced diagnostic approach to monitor the FBR and

fibrosis investigation in a molecular-sensitive and marker-independent manner.



Zusammenfassung

Fibrotische Erkrankungen sind als pathologischer Prozess der uberméafligen
Ablagerung von Proteinen der extrazellularen Matrix (EZM) im Bindegewebe eine
irreversible Folge einer chronischen Entzindung. Fibrose steht in engem
Zusammenhang mit einer Vielzahl von Erkrankungen in allen Organen und kann
negative Auswirkungen auf die Krankheitsprognose sowie die Lebenserwartung
haben. Fibrose kann durch zahlreiche Stimuli verursacht werden, einschlief3lich
Implantation, Alterung, Krebs, wiederholte Gewebeschadigung oder chronische
Entzindungen. Implantate kdnnen eine fibrotische Kapselbildung verursachen, die
durch die Fremdkoérperreaktion ausgeldst wird. Fibrotische Kapseln kénnen die
Funktionalitat von Medizinprodukten physikalisch beeintrachtigen und dadurch die
erwartete therapeutische Wirksamkeit verringern. Die diagnostische Beurteilung der
Gewebefibrose beruht auf der Untersuchung von Gewebebiopsien durch
histochemische Goldstandard-Analyse, welche je nach Lage und Eigenschaften von
der individuellen Expertise des begutachtenden Pathologen abhéngig sein kann.
Dartber hinaus stellen histologische Farbungen invasive Biopsieverfahren dar und
kénnen durch Farbeartefakte zu Fehlern bei den diagnostischen Ergebnissen fuhren.
Diese Dissertation beschéftigt sich mit der Etablierung einer neuen Methode zur
Bewertung der implantationsgesteuerten Fremdkorperreaktion im Streptozotocin
(STZ)-induzierten diabetischen Tiermodell unter Verwendung der Raman-
Mikrospektroskopie (RMS). Die EZM-Zusammensetzungen sowie entzindliche und
regenerative Aktivierungszustande von Makrophagen wurden untersucht. Wir haben
das Potential der RMS gezeigt, Kollagen | zwischen diabetischen und nicht-
diabetischen Nagetiermodellen Gber fortgeschrittene Glykosylierungs-Endprodukte zu
unterscheiden, die in Kollagenfasern der Diabetes-Gruppe integriert waren. Dartber
hinaus haben wir in Kombination mit multivariater Analyse gezeigt, dass RMS
verwendet werden kann, um pathologische, fibrotische Gewebe und gesunde Gewebe
zu unterscheiden. Raman Signaturen von Kollagen | weisen auf Unterschiede in der
Sekundarstruktur hin, was auch von hoher klinischer Relevanz ist. Neben der EZM-
Charakterisierung hat RMS das Potenzial fur die Klassifizierung von Immunzellen. Die
Raman-Bildgebung wurde auf Gewebeschnitte zur Immunphanotypisierung von

M1/M2-Makrophagen angewendet. Die Klassifizierung wird Unterschieden in den



DNA-Methylierungsmustern zwischen M1/M2 zugeschrieben. Zusammenfassend
bieten Raman-Bildgebung und Mikrospektroskopie einen fortschrittlichen
diagnostischen Ansatz zur Uberwachung der Fibroseuntersuchung auf

molekularsensitive und markerunabhangige Weise.



Chapter 1

Introduction



1. Introduction

1.1. Tissue Fibrosis

The definition of tissue fibrosis is described as excessive scar tissue formation
with abnormal ECM accumulation [1, 2]. The mechanism of pathways for fibrosis is
mainly in response to inflammation and tissue damage [3]. Fibrotic diseases are a
dynamic wound-healing process which normally results from the chronic inflammatory
reaction induced by several triggers [4, 5]. The process of fibrosis involves
inflammation, tissue remodeling, excessive collagen deposition with increasing
expression of growth factors and proteolytic enzymes, followed by immune cell
recruitment and activation within both innate and adaptive immune systems [5, 6].
Several types of immune cells including macrophages, neutrophils, natural killer cells,
fibroblasts and myofibroblasts cells play critical roles in the ECM network [7]. ECM
remodeling and deposition are favorable at the initial stage of wound repair processes;
however, in tissue fibrosis, abnormal overproduction of ECM leads to excessive scar
tissue formation [8]. Fibrosis can affect most organs in the body [9]. Healthy functional
tissues can be replaced by progressive non-functional fibrotic tissues, which causes
organ dysfunction or even worse — organ failure [10]. In the US, it has been reported
that approximately 45% of deaths are highly associated with tissue fibrosis [11].
Although the mechanisms of fibrosis were widely investigated, no efficacious
therapeutic regimen has been brought to the market to fully overcome pathological
fibrogenesis [12, 13]. Moreover, the identification of fibrotic disorders is often at a late
stage owing to diagnostic delay [14, 15]. One of the reasons is that the extent of the
fibrosis deteriorates to a threshold which can provoke severe symptoms [16-18].
Current investigation methods are limited to visualization of tissue morphology,
geometry and fibrillar collagen quantification, which impede the patients from receiving
punctual therapies [19]. It has been reported that earlier diagnosis and treatment of
several fibrotic diseases can significantly improve the prognosis and survival of
patients [18, 20, 21]. Therefore, novel diagnostic tools for early-stage fibrosis detection

are urgently required.



1.1.1. The Foreign Body Response-induced Fibrosis at the Subcutaneous
Location

Medical implants have revolutionized the field of biomedical engineering and
widely benefited the clinics in the areas of tissue regeneration and reconstruction,
artificial pacemakers, biosensors as well as sustained drug release systems [22].
Nonetheless, even though countless patients have been benefited from implantable
medical devices, foreign objects implanted in the body can provoke immunological
responses and tissue repair reactions, which is well known as the FBR and inevitably
induces tissue fibrosis [23]. The FBR at the subcutaneous interposition is similar to
other implantation sites in the body [24, 25]. Once a foreign object is implanted, it
causes damage to the surrounding tissues, inducing a cascade of reactions. There
are two phases of the FBR process — acute inflammatory and chronic inflammatory
(fibrous) stages [26, 27].

The first stage of the acute inflammatory reaction can occur rapidly after
implantation [28]. It is initiated with unspecific protein adhesion on the surface of
biomaterials to form an early provisional ECM [29]. These proteins are mostly from the
blood serum and interstitial fluid, including fibronectin, vitronectin, albumin, globulin,
fibrinogen and factor XIl [30]. The composition of the matrix can result in different
cellular responses toward the foreign body [31]. Therefore, the ideal properties on the
surface can attract more defined proteins to present on the surface in favor of proper
cellular interaction to mitigate fibrotic reaction [32]. The adsorbed proteins are
recognized by several immune cells, which allow those cells to be attached to the
surface. Apart from the presence of the implants with unspecific proteins,
chemoattractant factors which are secreted by platelets and injured tissues further
recruit neutrophils to accumulate in the injured region [33]. The neutrophils release
reactive oxygen species (ROS), proteases as well as neutrophil extracellular traps and
immune-regulatory cytokines. Physiologically, the main role of neutrophils is to provide
first-line protection against pathogen invasion [34]. In the case of device implantation,
the neutrophils can recruit additional immune cells as well as secrete the factors which
aim for the degradation of the foreign objects [28, 35]. The monocytes are recruited to
the site and undergo activation and differentiation into macrophages in response to

the signals released by the neutrophils [36]. Macrophages can be classified into two
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subsets with different functionalities — M1 and M2 macrophages [37, 38]. Until now,
the classification of M1 and M2 is only based on in vitro settings [37, 38]. The in vivo
condition is much more complex. Therefore, the spectrum of the subsets of these
macrophages is grouped as “M1-like” and “M2-like” populations [39]. Proinflammatory
macrophages are known as “M1-like” which predominate the macrophage population
at the beginning. M1-like macrophages play a crucial role in the inflammatory reaction
and proinflammatory cytokine secretion including tumor necrosis factor a (TNFa),
interleukins (IL)-1b, IL-6, IL-8, proteolytic enzyme and ROS [40]. The attached
macrophages undergo dynamic intracellular cytoskeleton remodeling, modulating
morphological alterations, which induces elongation and flattening to adhere to the
surface for the purpose of biomaterial degradation and phagocytosis [41, 42]. When
the implanted biomaterials are degraded or eliminated successfully, the immunological

reaction can be terminated at this stage [43].

However, the acute inflammatory reaction can be incapable of removing or
breaking down the foreign object, which is so-called “frustrated phagocytosis” [44]. In
this case, the second stage of the chronic inflammatory (fibrous) stage would occur.
The population of M1-like macrophages progressively undergoes a transition to M2-
like macrophages. M2-like phenotypes release anti-inflammatory mediators such as
IL-10 and transforming growth factor B (TGFB) and platelet-derived growth
factor (PDGF) in an attempt to repair the wound and remodel the ECM components
[45-47]. Another critical role of TGFp is the recruitment, activation and proliferation of
fibroblasts, which generate new ECM to encapsulate the implantation [46]. The
fibroblasts can further differentiate into myofibroblasts, which is known as the
fibroblast-to-myofibroblast transition. Myofibroblasts play the main role in tissue repair
and fibrotic capsule formation [47]. One of the prominent characteristics of
myofibroblasts is the high expression level of a-smooth muscle actin (aSMA), which is
involved in myofibroblast maturity, focal adhesion and scar tissue contraction [48].
Moreover, the myofibroblast is the mediator of collagen formation, serving as the
primary collagen-producing cell of tissue fibrosis [49]. The abovementioned FBR
process remodels the ECM network in order to optimize cellular and molecular
functions. Over time, this network could progressively thicken the capsular area and
induce anoxic conditions in the microenvironment [50]. The fibrotic capsule could

enclose the whole implanted object to isolate it from the surrounding tissues. For the
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next section, we would highlight more on the interplay between ECM compositions
and fibrosis progression.

1.1.2. Extracellular Matrix in Fibrosis

Tissue fibrosis can restore tissue integrity after injury; however, it often fails to
regenerate the original functionality of the native tissues. The three-dimensional
structure of the ECM of fibrotic tissues consists of an interstitial matrix and basement
membrane. The most prominent components of fibrotic ECM are fibrillar collagens,
primarily Col I, mainly secreted by fibroblasts and myofibroblasts [51, 52]. These
fibrillar collagens originate from procollagen which is released into the ECM by
exocytosis after pro-peptide ends removal through procollagen peptidases [51]. This
process allows the collagen molecules to generate stiff and aligned fibers in order to
support cell residence in the network. Fibrotic capsule formation is always
accompanied by ECM remodeling as well as an imbalance of cytokines [53]. After the
acute inflammatory process, recruited fibroblasts release molecules including
hyaluronan and proteoglycans, both of which play important roles in mediating fibrotic
response and have been reported to be potential targets to reverse fibrosis [54, 55].
The differences in ECM components between physiological and fibrotic conditions are
illustrated in Figure 1. In physiological conditions, ECM remodeling is strictly regulated
to maintain homeostasis to ensure no excessive ECM production. In fibrotic tissues,
homeostasis is agitated due to cellular and molecular dysregulation, resulting in
pathological fibrosis [56]. Myofibroblasts are the major cell type that overproduces
fibrillar collagens, particularly Col | and collagen type Il (Col IIl) to form a capsular
network [57]. The features of collagens could be changed in the ECM by post-
translational protein modification, especially cross-linking and conformation
alternations [58]. The distribution of Col Il fibers is randomly distributed in the fibrotic
tissues and has been shown as unorganized patterns at the early stage of the tissue
repair process, which is relevant to the modulation of fibrogenesis [59]. Subsequently,
at the late stage, the abundant expression of dense Col | progressively replaces the
population of Col Il fibers [59]. Despite the fact that myofibroblasts have been
considered to play the main role in ECM remodeling in fibrosis, macrophages play the
central role of regulating the upstream signals of fibrogenesis [60]. Overall, the ECM

network of the fibrotic tissues is not merely a consequence of fibrosis, the ECM has a



functional purpose such as affecting the population of cell types, cellular behavior and
signaling based on the above-stated molecules [61].

1 .
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Q Monocyte i) Multinucleated giant cells 3! ; Myofibroblast aSMA
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Collagen type | .: TNFa .: TGFB OO ROS
Collagen type IlI Interleukins
gentyp .: PDGF Protealytic enzymes

Figure 1. Diagram depicting the cellular and structural alterations that occur in the ECM
remodeling during the progression of fibrosis.

In healthy tissues, ECM remodeling remains stably regulated for long-term homeostasis. The
fibroblasts show low activity and the ECM protein formation has a steady metabolic turnover.
Healthy tissues display loosely arranged collagen networks. In fibrotic tissues, the agitation of
homeostasis results in fibrogenesis, inducing the over-proliferation of immune cells and the
overproduction of collagens. Fibrotic tissues demonstrate parallelly aligned collagen fibers in the
ECM.

1.1.3. Fibrosis in Diabetes

Tissues can be affected by hyperglycemic conditions. Chronic exposure to
hyperglycemia can trigger a series of adverse effects on a number of organs [62]. High
blood glucose concentration induces multiple fibrogenic pathways and affects immune
cell behavior related to ECM remodeling, leading to organ malfunction [63]. There are
two perspectives regarding the impact of diabetes on fibrotic tissue formation - cellular
responses and molecular mechanisms [64-66]. Hyperglycemia can alter the function
of macrophages [67]. As mentioned in previous sections, macrophages play a crucial
role as a regulator to recruit and activate fibroblasts and myofibroblasts [68]. In a
hyperglycemic environment, it has been reported that the elevated release of

9



intercellular adhesion molecule-1 and CCL2 results in increased recruitment of
macrophages, which can exacerbate the final consequence of fibrosis [69, 70].
Furthermore, in a normal condition, the fibroblast-to-myofibroblast transition has been
considered to be the main orchestrator for matrix synthesis and collagens that
underwent glycation induce myofibroblast differentiation [52]. However, in a diabetic
condition, it is reported that fibroblasts can be activated and that their collagen-
deposition capacity is enhanced, which means hyperglycemia can stimulate several
cellular responses in fibrotic tissue production [71]. The next aspect that modulates
fibrosis in diabetes are cytokine and chemokine secretions. The inflammatory
response is activated in a high blood glucose environment by means of stimulation of
IL-18, TNFa, CCL12 and TGFBs, which supports myofibroblast conversion and
induces anti-protease enzymes to suppress ECM degradation [72]. Moreover, glucose
can react with proteins in chronic hyperglycemic conditions to form advanced glycation
end-products (AGEs) without enzymatic glycation [73]. The pathway of glycation on
proteins is shown in Figure 2. Under hyperglycemic conditions, proteins with a longer
half-life in the body undergo glycation reaction non-enzymatically to form early AGE
products such as Schiff base and Amadori products [74]. One of the diagnostic
indicators of diabetes, HbA1C, is an Amadori rearrangement product generated by the
affinity of hemoglobin with glucose [75]. Over longer periods, advanced glycation can
cause cross-linkage between protein and protein with several molecules involving n-
carboxymethyl lysine, glyoxal-lysine dimer and pentosidine [74]. In the case of diabetic
patients, during fibrotic tissue formation, collagens cross-linked with AGEs have
secondary structural changes and possess stiffer properties and spontaneously
regulate multiple fibrogenic signaling pathways [76]. To date, there are abundant
research studies about tissue fibrosis in diabetic patients [74-76]; nevertheless, in the
research area of tissue fibrosis induced by FBR, only limited studies were conducted.

10
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Figure 2. Glycation pathway and the formation of AGEs formation.

AGEs are proteins that undergo glycated reaction after exposure to hyperglycemia, reducing
glucose bind to nonspecific proteins to form cross-linking molecules, inducing conformation
changes in proteins. The figure was adapted and modified from Mark. E. Cooper et al. [77].

1.2. Raman Microspectroscopy

RMS has been utilized in various fields for decades. The “Raman scattering” or
‘Raman effect” that underlies this spectroscopic technique is discovered by the Indian
physicist Dr. Chandrasekhara Venkata Raman in 1928 and he was also the winner of
the Nobel Prize in Physics in the following years [78]. RMS has been utilized in wide-
ranging applications. At first, it is used in chemistry to explore the chemical bonding
from compounds. Chemical bonds mainly have three styles of motion: vibrational
mode, rotational mode and translational mode [79]. RMS mainly detects the signals
from vibrational modes, including symmetric and antisymmetric stretching, wagging,
twisting, scissoring and rocking [80]. Therefore, every molecule possesses a specific
fingerprint that can be identified in its Raman spectrum, for organic molecules, the
fingerprint region is normally in the range of wavenumber from 400 -1800 cm™[79].
RMS is a powerful tool which not only is capable of distinguishing molecules with
different molecular formulas but also has the capability to discriminate the small
difference between molecules with the same formula including conformational and
constitutional isomers as well as stereocisomers (geometric isomers, enantiomers,

diastereomers and epimers) [81, 82].
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1.2.1. The Theory of Light Scattering

While an incident beam of monochromatic radiation with a specific wavelength
hits a surface of a specimen, a minor level (around 1 out of 107 photons) of the laser
can be scattered in multiple wavelengths, namely “inelastic scattering” or “Raman
scattering”; whereas, in most cases, the frequencies of most of the scattered light
possesses the same value as the incident light [83, 84]. This scattering is named
“‘Rayleigh scattering” as well as “elastic scattering” [85]. The difference between
Raman scattering and Rayleigh scattering is easier to be explained by means of an
energy transfer model [86] (Figure 3). When a monochromatic radiation of frequency
(wi) incident on a totally transparent object, all the photons can be transmitted (wt)
without frequency change (wi= wt). When the incident of the light applies to a molecule,
it is excited from an initial energy state of E; and spontaneously reaches a virtual
energy state [87]. Then the molecules relapse to the final energy state which
represents E+. The interplay between the radiation and the chemical bond of the
molecule can lead to a frequency change, ws represents the frequency of the scattered
radiation, which is also called vibrational transition [88]. For Rayleigh scattering, the
initial energy state equals the final energy state (Ei= Ef) and the radiation frequencies
of both incident and scattered light are the same (wi = ws). For Raman scattering,
particularly the Stokes scattering, the frequency of the emitted radiation is lower than
the incident radiation (wi > ws, wii = wi - ws), which means that the final energy state
reaches a higher energy level [Et= Ei+hwi] [89]. When the final stage of the radiation
emission reduces to a lower level [Er= Ei- hwii], the frequency becomes higher (ws >
wi), this light scattering is named anti-Stokes scattering [90]. This theory is the
foundation of Raman spectroscopy. The Raman spectrum is generated based on the
changes in the above-stated frequencies between the incident and scattered lasers.
However, instead of using the unit of w to describe the transition of frequency, it is
generally expressed as wavenumbers (v), or inverse-centimeter (cm™) to interpret the
Raman shifts of molecules due to the fact that the value is directly proportional to the
energy changes between the vibrational states (AE) [91]. When a sample is exposed
to the laser from an objective, the scattered lights with various wavenumbers were
filtered by the notch filter first to remove the signal from Rayleigh scattering, which has

the same or higher wavelength of the incident light [92]. The photons that pass through
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the notch filter would be dispersed by the spectrometers grating, which is the main
factor that determines the resolution of resulting spectra, and finally detected by a

charge-couple device camera to generate the spectrograph [93].

E:=E, E:=E; + hw; E;=E;- hws Final energy state (Ej)

W Wg = Wj- Wy Ws= Wit wy Scattered frequency (W

Electronic excited state

e e g ———— Virtual energy level
o
>
2
)
s W Wy W W w; We
=
u 1st excited vibration state
Ws; Wy
. Ground state
Rayleigh Stokes Raman Anti-Stokes
Raman

Figure 3. Energy level description of Rayleigh, Stokes and Anti-stokes scattering.

Rayleigh scattering, the final energy state is equivalent to the initial stage. Stokes Raman, the final
energy state of the scattered light is higher than the initial incident beam. Anti-stokes describes
that the energy of scattered light is more intense than the incident beam. The figure was adapted
and modified from Katherine J. I. Ember et al. [94].

1.2.2. Methods for the Visualization and Analysis of ECM Components

Histochemical stains have served as a tool for pathologists to perform biological
evaluations for centuries. Since the first introduction of hematoxylin and eosin staining
on tissue section in 1876 with great contribution to diagnosis and research for
histopathological analysis [95], more specific stains such as Masson’s trichrome [96],
Movat’s pentachrome [97] and picrosirius red staining (PSR) [98] appeared to be
effective for visualization of biomolecular constituents. Nevertheless, the preparation
process from the tissue fixation, biopsy and paraffin embedding to sample slides can
be laborious for pathologists. Other limitations of those staining applications have been
widely debated, for example, low binding specificity for markers, human or dye artifacts
that influence imaging resolution and colorimetry, which can greatly affect the results
of quantitative and qualitative analysis [99, 100]. Immunohistochemistry staining for
the ECM proteins strengthens the specificity of the proteins by using highly specific
marker-binding antibodies with direct or indirect fluorescent labeling [101]. By using
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active fluorophore derivatives, target biomolecules can selectively be marked. In order
to further improve the imaging quality, advanced optical techniques such as confocal
laser scanning microscopy or super-resolution microscopy are utilized as powerful
tools for observation [102]. Therefore, compared to conventional staining, it can
provide reliable quantitative data for analysis. Nevertheless, the drawbacks include
that those successful fluorescence-based methods are costly and sometimes require
primary and secondary antibodies to carry out. Moreover, the targeting molecules are
limited to proteins and nucleic acids, showing the incapability of fluorescence-based
methods to visualize critical ECM components such as polysaccharides, small
molecules and minerals [103]. RMS, nevertheless, is a non-invasive vibrational tool to
gain detailed information in regard to molecular structures based on the interaction
between the laser and chemical bonds [104]. Raman spectra which are representative
of several ECM components have been widely reported [105-107], including collagens
[108, 109], elastin [108], sulfated glycosaminoglycans [110], glycoproteins such as
laminins [111], fibrillin [112], fibronectin [113]. RMS is capable of providing spatial
distribution of ECM signals and in combination with multivariate analytical tools such
as principal component analysis (PCA). Molecular alterations of specific ECM
components can be interpreted based on particular peaks in the fingerprint regions
(400-1800 cm?) of the spectra [80, 114].
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2. Objectives of the thesis

Tissue fibrosis investigation has always been essential in the field of tissue
engineering and regenerative medicine. The conventional histological staining on
tissue biopsies is still the gold standard, which is limited to morphological evaluation
on collagen bundles. The evaluation depends on individual pathologists’ experience
and knowledge and can cause bias on various diagnostic outcomes or systematic
errors. The aim of the thesis focused on the investigation of fibrosis in a molecular
manner, ex vivo, by utilizing RMS. We examined the practicability of RMS to identify
different disease states in the fibrotic tissues by identification of the distinct Raman

signals based on molecular changes.

Fibrosis progression still mainly relies on quantitative evaluations of the amount
of collagen fibers and the morphological changes in certain areas based on
histopathological stains. Collagens are the primary ECM proteins found in the
connective tissues, which can cause misunderstandings in the assessments.
Therefore, one of the main purposes of this thesis is to ascertain the molecular
information in pathological collagens within the fibrotic tissues. Raman spectra of Col
| from fibrotic and physiological tissues were extracted and underwent MVA to
decipher the molecular alternations. The differences can provide distinct recognition
of the fibrotic tissues, which can be utilized to target precisely on the regions of interest

for further assessments in the future.

In addition to collagen evaluation in tissue fibrosis, monitoring the population of
macrophage subtypes has been widely considered a distinctive indicator to evaluate
the stage of fibrosis as well as the biocompatibility of implantable biomaterials. Current
analytical methods mainly rely on marker labeling. Rat tissues with implantation were
used in this thesis. RMS was utilized to provide a proof-of-principle study to distinguish
the population of M1l-like and M2-like macrophages based on the molecular
information in the nuclei spectra. Raman images were further validated quantitatively
and qualitatively by conventional histochemical staining and immunofluorescence (IF)

staining.
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3. Results and discussions

3.1. Fibrotic Tissues Characterization

In vivo model has been widely adopted in fibrosis research since it was able to
elucidate the complexity of molecular mechanisms and cellular populations for the
fibrosis process [115]. Moreover, itis intriguing to evaluate the FBR for future diabetes-
reversing implants. Therefore, STZ-induced diabetic female RccHan Wistar rats were
utilized as a testing model in this case. Two biomaterials made of polyvinylidene
fluoride (PVDF) and TPU (thermoplastic polyurethane)-chronoflex were implanted

over 15 days on the back of the rats. The procedures were depicted in Figure 4.

Initial assessment of the FBR was conducted by histopathological staining, which
has been considered as the gold standard and a fast detection method for tissue
fibrosis [116, 117]. Modified Movat’'s pentachrome staining and PSR demonstrated the
overview images of the skin morphology and the ECM structures of implant-free
tissues and the fibrotic capsules (Lu et al., Appendix 1, Figure 1A). The major
difference between pathological regions of fibrotic tissues and interstitial connective
tissues can be identified by using the visualization of the dense and longitudinally
oriented collagen fibers surrounding the implants. Therefore, the thickness of fibrotic
capsules can be determined based on the morphological alterations compared to the
interstitial connective regions. The fibrotic tissues induced by the implantable materials
were identified straightforwardly, which can be easily guided based on the locations of
the implantation. Movat’s pentachrome staining was employed to several collagen-rich
tissue sections from different fibrotic pathologies in specific organs from human tissues
in another study (Becker & Lu et al., Appendix 2, Figure 1B). It is reported that
histological stains are subject to observer bias and lack the capacity to identify
representative pathological regions [118, 119]. Therefore, the recognition of fibrosis
was determined by the pathologist, Dr. Montes-Mojarro, based on the distribution of
collagens in Masson'’s trichrome images (Becker & Lu et al., Appendix 2, Figure 1A).
Collagens are also the primary proteins in healthy mammalian tissues [120]. Hence,
the similarity of the collagen distribution can occasionally be shown in the biopsy
specimens and errors in the identification of the fibrotic regions can be easily made.

Fibrotic tissue detection is highly correlated to the composition of certain types of
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collagens, which is also indicative of the severity and different stages of FBR [121,
122]. Therefore, the major limitation of Movat's pentachrome staining is that it cannot
be used to identify the collagen subtypes as well as differentiate pathological and

healthy collagen fibers.

For the next step, PSR staining was applied to investigate the practicality of
whether it can be a robust readout when differentiating between control and fibrotic
tissues. In addition to the quantification of the amount of collagen content, PSR was
developed to characterize the orientation and architectures of fibrillar collagens. The
feature of natural birefringent properties of collagen could be enhanced by picrosirius
red and the images can be obtained by using polarized microscopy [123, 124].
Although the definite indication of the colorimetry in PSR imaging remains
controversial, the quantification of the ratio between reddish and greenish colors in
PSR has been used for examination of the scar collagen states such as fiber thickness
or maturation [125-127]. We demonstrated that the PSR is capable of discerning the
collagen states between the fibrotic capsule and the interstitial connective tissues. The
ratio of red/orange to yellow/green fibers showed significant differences between these
tissue types and the red/orange fibers expressed more in the capsular areas (Lu et al.,
Appendix 1, Figure 1DE). Nevertheless, when we applied the PSR on human fibrotic
tissues, although this method was sufficient to differentiate tissues between control
and fibrosis in some cases, the alterations in the ratio of reddish and greenish fibers
exhibited inconsistency throughout the fibrotic tissues and indicated no fibrosis-
specific tendency throughout the fibrotic and control tissues. (Becker & Lu et al.,
Appendix 2, Figure 2B). Therefore, we further measured the difference in collagen
orientation between the two groups. It has been informed that the pattern of collagen
bundles can show a different distribution of fiber alignments in scar tissues [128, 129].
We found that the alignment of collagen fibers that were assessed by fiber orientation
histograms indicated the tendency of collagen alignments in fibrotic tissues featured
non-aligned collagen distribution; whereas, even distribution on various angles was
shown in collagen network in control groups (Becker & Lu et al., Appendix 2, Figure
2CD). In order to calculate the statistical significance of the correlation between the
orientation pattern and the fibrotic tissues, the quantification of the fiber alignment was
conducted through coherency analysis (Becker & Lu et al., Appendix 2, Figure 2E).
Nonetheless, the readout of coherency analysis of fiber alignment showed no
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significant differences between control and fibrotic tissues, indicating PSR with
polarized microscopy is insufficient in robustness for qualitative and quantitative
analysis in fibrotic tissue characterization. Therefore, in this thesis, Raman imaging
was employed to characterize the molecular and structural alterations in the fibrotic

tissues.

Previous work by our group has demonstrated the great potential of RMS to
investigate ECM architectures and biomolecules in tissue engineering in a marker-
independent manner [109, 130, 131]. Raman imaging was acquired based on the true
component analysis (TCA), which is a statistical method that contains the utilization of
a linear combination of Raman spectra to interpret each pixel in a Raman scan. Fibrotic
tissues were illustrated as color-coded intensity distribution heatmaps based on the
most relevant spectra, which enabled the identification of the ECM components (Lu et
al., Appendix 1, Figure 2AC and Beatty & Lu et al., Appendix 3, Figure 6). The
composition of the ECM network can be recognized in one single scan, which was
further validated by IF images with separated staining. Col, Col Ill and aSMA are
widely utilized as fibrotic markers which are highly correlated to fibrotic tissue
formation in several studies [132-134]. Similar trends of the distribution pattern of
those signals were observed in both IF and Raman imaging, indicating Raman imaging
can be used to localize fibrotic regions for future clinical uses (Lu et al., Appendix 1,
Figure 2CD).
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Figure 4. Implantable pouches and schematic of study design.

(A) Fabricated sheets, PVDF and TPU-chronoflex with 50 um thickness and 2 um pore size,
generated by electrospinning method. (B) Diabetes was induced by utilizing STZ 14 days before
implantation. PVDF and TPU-chronoflex pouches were implanted subcutaneously at the back of
the diabetic rats over 15 days. The FBR was evaluated by histopathological staining, IF staining,
RMS and multivariate data analysis. The figure was adapted from Lu et al., Appendix 1.

3.1.1. The Influence of Diabetes on ECM Composition in Rodent Model

Several diabetes-reversing implants such as closed-loop insulin delivery systems and
cell-loaded encapsulation devices have been designed to alleviate the burden faced
by diabetic patients [135, 136]. Nevertheless, the FBR caused by implantable devices
still remains a problem in this field [137, 138]. The FBR is an altered wound-healing
process; nevertheless, most studies concentrated on the wound-healing process of
diabetic patients [139, 140], which cannot equally contribute to the understanding of
FBR provoked by implants in the diabetic population. We published a study regarding
in-depth investigation toward this concern [109]. We implanted TPU-based medical



devices on healthy and STZ-induced diabetic rats over 14 days and explored
alterations in the FBR (Beatty & Lu et al., Appendix 3, Figure 1). We did not observe
any difference in ECM expression levels of Col, Col Il and aSMA in the fibrotic
capsules between healthy and diabetic groups (Beatty & Lu et al., Appendix 3, Figure
5 and 6). Strong scientific evidence has supported that poor healing is one of the main
features of diabetic wounds and is highly related to insufficient ECM formation and
downregulation of myofibroblast activity [141, 142]. Nevertheless, in our results, the
ECM proteins production and the expression level of aSMA of fibrotic tissues in the
diabetic groups did not show similar results compared to general diabetic studies for
poor wound healing (Beatty & Lu et al., Appendix 3, Figure 5 and 6). In fact,
guantitative evaluation of the biomarkers occasionally might be insufficient to fully
describe complex biological networks [143]. Therefore, an in-depth analysis of Col |
alternations was conducted on extracted Raman spectra from the capsular areas.
Molecular information was obtained via PCA by analyzing Col | spectra (Beatty & Lu
et al.,, Appendix 3, Figure 7A). Two separated clusters between diabetic and healthy
groups on the scatter plot were confirmed by the mean value of the PC-3 score (Beatty
& Lu et al., Appendix 3, Figure 7B). The difference is potentially contributed to
secondary structural differences in Col | based on the loading of PC-3, indicating the
presence of AGE products (Beatty & Lu et al., Appendix 3, Figure 7CD). Fibrillar
collagens, considered as a series of long half-life proteins, can potentially undergo
non-enzymatic glycation under high blood glucose levels to form AGE products,
causing irreversible cross-linkage between the fibers which alter the conformational
structures [144, 145]. Moreover, the high expression level of free AGEs can bind to
the receptors of AGES, which play a vital role in cellular activity regulation. Peak shifts
at 1430, 1277, 1047, 1038, 914, 867 and 814 cm™ are relevant to AGE products (n-
carbamylglutamate, glyoxal-lysine dimer, pentosidine or glucosepane) [146-148].
Nevertheless, the Raman signals that correspond to which subtypes of AGE products
still require more studies for further validation. The spectra data which is
representative of cross-linked AGEs can potentially be a substituted biomarker of
glycosylated hemoglobin that has been widely used to monitor long-term glycemic
control in diabetes. The diagnostic process potentially can only require low-intensity
laser examination at a superficial layer of skin tissues in combination with machine

learning without invasive procedures and time-consuming testing assay (Figure 5).
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Figure 5. RMS identifies AGEs on collagen fibers in diabetic rodent model.

The presence of AGEs gives rise to irreversible cross-linkage between fibrillar collagen under
hyperglycemic environment. RMS can identify the conformational structure of Col |, involving the
crosslinking AGEs that bond to the fibers. The figure was adapted from Beatty & Lu et al. [109].

3.2. Raman Spectrum of Collagen | Discriminates Fibrotic Tissues Induced
by PVDF and TPU-chronoflex

Challenges have existed in fibrotic disorder diagnosis for decades. Current
available clinical modalities for tissue fibrosis often were used to evaluate late-stage
fibrotic disorders with established collagen deposition [149]. Determination of stages
of fibrotic diseases still requires a biopsy which is risky and can cause burdensome to
the patients and the assessments highly rely on histological analysis [150]. Until now,
some antifibrotic agents are available to decelerate fibrosis progression, meaning that

molecule-sensitive methods are urgently required to monitor the interventions [151].
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Therefore, to overcome the limitations of the conventional diagnostic tool, RMS was
applied as a molecular-tracking technique to decipher the alterations in the Col I
structure based on spectral data. Single Col | spectra were selected from different
types of tissues, which were mainly from interstitial connective tissues and fibrotic
capsules (Lu et al.,, Appendix 1, Figure 3A). PCA analysis was applied to the Col |
spectra in order to discriminate the subtle differences between the two types of tissues
(Lu et al., Appendix 1, Figure 3B). The scores plot of PC-1/PC-3 demonstrated two
separated clusters that contributed to the changes in Col | signatures. The result was
further confirmed by the mean value of PC-3 scores, showing a significant difference
between Col | spectra extracted from interstitial connective tissues and fibrotic

capsules (Lu et al., Appendix 1, Figure 3CD).

The biological assignments were contributed by PC-3 loading. The peaks were
assigned to amide I, tyrosine, amide lll, phenylalanine, proline and hydroxyproline.
These alterations are highly relevant to conformational differences in Col | fibers,
which might have an influence on the stability of the collagen triple helix. During the
process of tissue remodeling, collagen production highly depends on proline and
hydroxyproline [152, 153]. The importance of hydroxyproline to collagen content has
been shown to be a potential molecular target for evaluation in fibrotic disorders [154,
155]. In addition, the fibrillar collagens are originally from procollagen mainly consisting
of repeating tripeptides (glycine-proline-hydroxyproline) [156, 157]. Proline can
undergo hydroxylation to generate and infiltrate the endoplasmic reticulum for post-
translational modification [158]. The modified polypeptides are then secreted by
exocytosis to the extracellular location followed by ends cleavage via procollagen
peptidases [159]. The spectra peak at 815 cm™ and 856 cm™ (proline and
hydroxyproline) showed decreased amplitude levels in the fibrotic capsules compared
to interstitial connective tissues, which can be explained by the mechanism of the
collagen formation process. Recent research evaluated wound healing activity by
administration of proline and hydroxyproline by using a rodent model [160]. The results
exhibited proline and hydroxyproline can activate muscle regeneration with relatively
low fibrotic tissue expression. A more recent study utilized a murine model to evaluate
wound healing activity by administration of proline and hydroxyproline [160]. The
results showed that proline and hydroxyproline might induce muscle regeneration with

less fibrotic tissue. It has been also reported that sufficient hydroxylation of proline
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resides at collagen is vital for the physical stability of the triple helical structure [161].
Studies using recombinant Col | showed that non-hydroxylated triple helix is not able
to achieve self-assembling into supramolecular fibril under physiological conditions
[162, 163].

Overall, these results indicated that RMS along with MVA algorithms has great
promise to identify fibrotic alterations that can be applied to future clinical practice
(Figure 6). RMS, as a hyperspectral imaging technique, can combine with a deep-
learning framework to decipher pathological features of fibrosis on a spectral and
spatial level. This thesis provided a proof-of-principle insight into ex vivo tissue
specimens to discriminate the fibrotic capsule and physiological tissues based on in-
depth analysis of high information-content spectra data. Nevertheless, several
limitations at the present include: 1) Insufficient Col | spectra data in the database
since even in the same fibrotic disorder, significant molecular heterogeneity was found
in different species and individuals [164]. 2) Temporal problems, such as long
acquisition time to acquire high-resolution spectra data as well as laborious post-
processing noise removal procedures and MVA/TCA analysis on large datasets,
hinder the application to achieve real-time imaging for clinical use with high quality.
Hopefully, analysis of hyperspectral datasets has been reported to be operated by
using artificial intelligence techniques [165, 166], which might give rise to the
development of high throughput molecular imaging tools for fibrosis diagnosis in the

future.
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Figure 6. Potential automatic discrimination of fibrotic regions in fibrotic disorders.

A flow chart of identification of fibrotic pathologies by using RMS in combination with deep learning.
(A) Raman spectra of Col | were collected from the scanning areas and underwent pre-processing
as input data. (B) PCA analysis classifies the potential spectra that might be indicated as
pathological Col | and deciphers the elements in the Col | spectra. (C) An architectural basis of
convolutional neural network: the characteristics of Col | spectra can be trained and underwent in-
depth analysis. The relationships in the network are developed and a meta-database can be built
as a training system. Raman bands can be assigned to specific biological features such as
secondary structures, amino acids or peptides which are correlated with fibrotic disorders. The
output data can be applied back to the input data from the (A) step or random Col | spectra from
new patients. Finally, fibrotic tissue identification can also be generated as images for diagnostic
use. The figures were adapted from Lu et al., Appendix 1.

3.3. RMS Identifies Fibrotic Tissues Induced by Subcutaneous Implantation

via Deconvoluted Col | Spectra

To further validate the conformation changes of Col I in the fibrotic region, Raman
spectral data underwent deconvolution on the amide | band region. Gold standard

methods to determine the protein secondary structures are X-ray crystallography,

26



multidimensional nuclear magnetic resonance (NMR) spectroscopy and circular
dichroism spectroscopy [167, 168]. The use of X-ray crystallography requires protein
specimens to undergo crystallization before measurement [169]. The X-ray beam
incidents to the protein crystal, which can induce diffraction patterns that can be
recorded by the crystallographer [170]. Every diffraction pattern corresponds to
particular secondary structures such as a-helix, B-strands, B-turns and random coils
[171]. However, most of the proteins can only remain their biological function in the
solvent or under a hydrophilic condition [172]. Although NMR spectroscopy was
developed to overcome this limitation which allows measuring the protein structure in
solution, it is not suitable for large macromolecules and only confined to small ones
(below 25 KDa) [173]. Circular dichroism spectroscopy can also be utilized for
secondary structure determination in solution as well as suitable for proteins with large
molecule weight [174]. However, the main problem is that the samples require dilution
to optically transparent solution while examination, which means any object that
causes light scattering can have an impact on the measurement [167]. Furthermore,
the structural motif of B-turn is challenging to be detected by this spectroscopic method
[175]. Therefore, we published a research to discriminate structural changes in Col |
by using RMS [176]. In this thesis, similar methods were applied to the capsular areas

surrounding the implants.

Raman spectroscopy has been considered as a promising way to decipher the
protein secondary structure by means of the amide | band deconvolution (1550-1720
cm™?) [176, 177]. The theory behind the determination method is based on the different
patterns of hydrogen-bonding of the amide region (C=0 and N-H groups) [178]. Each
secondary structure, a-helix, -sheets, B-turns and random coils, has its particular type
of hydrogen-bonding pattern which arises from their conformation arrangements,
inducing different patterns of Raman scattering signals [179]. Various Col | spectra
from different types of tissues were extracted. Prior to deconvolution at the amide |
region, a fitting procedure with the Lorentz algorithm on this region was applied
followed by iterations of 1000 when fitting five functions of the sub-peaks. Each sub-
peak with a certain range of wavenumbers represents a particular secondary structure:
the peak position at 1685 cm (B-turn, B-sheet or random coils), 1670 cm (B-turn),
1657 cm™ (a-helix) [180-182]. Herein, we highlighted that the topography of the
spectral peak of amide | signal is regulated by the peak of 1605 cm™. The topography
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of the amide | peak demonstrated a distinctive indicator for fibrotic tissue identification,
showing similar topography in connective tissues but different from the shape of amide

| band of fibrotic capsules (Figure 7 B-F).
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Figure 7.Spectral deconvolution of amide | band from Col | spectra from various tissue types.
(A) Fingerprints of fibrotic and healthy Col | spectra. Amide | spectra deconvolution of (B) fibrotic
capsule caused by PVDF (C) fibrotic capsule caused by TPU-chronoflex (D) Connective tissue
from PVDF samples. (E) connective tissue from TPU-chronoflex samples. (F) Connective tissue
from implant-free skin tissues. The original amide | region is demonstrated by a black line and the
fitted amide | band is shown in a blue solid line. Sub-peaks were shown at 1605, 1636, 1657, 1670

and 1685 cm, representing the secondary structure of Col I.
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Furthermore, the quantitative peak intensities at 1605 cm* that originated from
connective tissues and fibrotic tissues correlated to their tissue types (Figure 8). The
elevated peak intensity at 1605 cm™ of the fibrotic Col | fiber can be biologically
assigned to the amino acids of tyrosine and phenylalanine [183, 184]. Recently, a
group proposed that the difference of this amino acid at the triple helix location of Col
| might be a key factor that mediates the binding affinity of heat shock protein 47
(HSP47) [185]. HSP47 is gradually considered to be a particular chaperon to
procollagen, which can play a vital role in the folding of Col | that occurs in fibrotic
disorders [186]. Therefore, HSP47 received increasing attention as a novel therapeutic
target for drug development that could be used to ameliorate or reverse tissue fibrosis
[187, 188]. Collagens consist of a repetitious sequence of Glycine-Xaa-Yaa, where
Xaa and Yaa are commonly proline and hydroxyproline, which are the targets of
HSP47 binding [189]. The roles of these two amino acids regarding the homeostasis
of collagen formation have been discussed in the previous section. Nonetheless, the
sequence of Xaa and Yaa occasionally is replaced by leucine, arginine and tyrosine,
which gives rise to different dissociation constants for the binding affinity between
procollagen and HSP47 [157]. It has been reported a significant decline of the
dissociation constant of the binding of HSP47 when Xaa or Yaa was occupied by
phenylalanine, tyrosine and leucine, indicating higher binding affinity between
procollagen and HSP47 [157]. Upregulation of the binding affinity of HSP47 can
contribute to the overproduction of collagen, resulting in tissue fibrosis [186, 190]. This
might explain the increased amplitude of the pathological fibrillar collagen at the
Raman peak of 1605 cm, which might show higher amounts of amino acids with
aromatic rings such as tyrosine and phenylalanine [184, 191]. It was hypothesized that
the procollagens with the higher expression level of aromatic amino acids bind with
HSP47 better compared to those with common amino acids of Xaa and Yaa (proline
and hydroxyproline). However, the sequence of fibrotic Col | required further
examination, potentially via X-ray crystallography, multidimensional NMR
spectroscopy and circular dichroism spectroscopy to offer more evidence for the
results. Future application is to perform more fibrotic disorders and collect more
spectra data of Col | from patients. The workflow is identical to Figure 6. The
deconvoluted Raman peak at amide | band of Col can provide more nodes to the
neural network, which potentially can benefit deep learning for further diagnosis with

more information.
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Figure 8. Qualitative evaluation of representative peaks of secondary structures of proteins
under amide | band.

The spectral peak at 1605 cm-1 showed a high correlation with the fibrotic tissues. Statistical
analysis: One-way ANOVA, p*< 0.05, p***< 0.001 and p****< 0.0001.

3.4. Macrophage Phenotype Classification

3.4.1. In Situ Immunophenotyping by RMS

The transition stage of the FBR from acute inflammation to chronic fibrotic tissue
formation highly relates to macrophage polarization from M1-like macrophages to M2-
like phenotype [192]. Macrophage polarization is one of the key factors that determine
the biocompatibility of a medical device [193, 194]. Therefore, evaluation of the M1-
like/M2-like population is essential to test a variety of implantable biomaterials. The
current classification approach of tissue-resident macrophages mainly relies on
immunohistochemistry [195, 196]. Recently, our group published a proof-of-concept
study using RMS on an in vitro polarization model to discern different phenotypes of
monocyte-derived macrophages [196]. Fluorescence-activated cell sorting method

was utilized for the purpose of sorting the populations of M1 and M2 subtypes.
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However, in comparison to single-cell assessment in suspension, recognition of cells

in the tissue environment remains challenging.

This thesis proposed a potential way to investigate the possibility of in situ
immunophenotyping at the fibrotic regions. Prior to Raman imaging, IF staining was
first applied to label either pan-macrophage with CD68, M1-like macrophage with
CCR7 or M2-like macrophage with CD204 (Lu et al., Appendix 1, Figure 4A).
Reference Raman spectra from nuclei were extracted from the fibrotic tissues based
on these positive protein signals (Lu et al., Appendix 1, Figure 4B). The nuclei spectra
from CCR7/CD204 cells were also extracted by means of TCA. Identical Raman
peaks with a subtle difference at 1579 cm, 1488 cm™, 1379 cm™, 1330 cm%, 879 cm-
1,857 cm, 786 cm™ and 725 cm™ could be identified among the nuclei regions,
indicating DNA signatures within the three spectra. The extracted spectra were re-
applied as reference spectra to the fibrotic regions within unstained tissues with PVDF
and TPU-chronoflex implantation. By using TCA, the subtypes of macrophages were
identified and localized to generate color-coded heat maps, which were comparable
to IF images (Lu et al., Appendix 1, Figure 4C). The ratio of the numbers of M1-like
(CCR7") and M2-like macrophages (CD204*) was determined. M1-like/M2-like ratio
has been widely shown to indicate the degree of inflammatory and fibrotic reaction

against implants [197, 198].

The M1-like/M2-like ratio in the capsular area around TPU-chronoflex showed a
4-fold significant increase compared to PVDF (Lu et al., Appendix 1, Figure 4DE),
highly correlating with the high expression level of Col | and thicker fibrotic capsule
that were observed at previous ECM characterization via histopathological staining
(Figure 9). Several studies have shown that the prolonged presence of M1-like
macrophages can result in severe FBR and fibrotic encapsulation by deteriorating the
inflammatory activities, which can induce failure for implant integration [199, 200]. On
the contrary, M2-like macrophages consistently secrete anti-inflammatory cytokines
and can also maintain immune regulatory function to attenuate fibrotic capsule
formation [199, 200]. Our findings suggested that TPU-chronoflex provoked more
severe FBR compared to PVDF and indicated that RMS enabled the evaluation based

on cellular and molecular levels to evaluate the FBR induced by the implants.

31



IF images RMS

(A) (8)

Epidermis
Dermis

Jusju0d
abeydoloepy

Panniculus ¢
carosus /

Fibrotic capsule -
[ connective tissue

JusjU0d
WO3

Interstitial
connective tissue

PVDF-implanted skin tissue

Epidermis
Dermis —

Panniculus
carnosus

pUESTILE)
abeydoloepy

Fibrotic capsule —#

jusju0d
WO3

Interstitial ——
connective tissue —

TPU chronoflex-implanted skin tissue

Figure 9. Investigation of fibrotic capsules induced by implantation by using marker—
independent and marker—-independent.

(A) Images of Movat’s pentachrome staining illustrated the fibrotic capsules induced by PVDF
and TPU-chronoflex. The regions of interest indicated morphological differences and in-depth
analysis was required to decipher the components in the tissues. Scale bars: 1000 um (left),
50 pm (right) (B) RMS enabled the identification of ECM components as well as
immunophenotyping to evaluate the degree of FBR. Scale bars: 20 ym; Yellow asterisk:
implant side. lllustration adapted from Lu et al., Appendix 1.

3.4.2. Identification of Epigenetic Alterations in M1-like/M2-like
Macrophages via PCA Analysis Based on the Nuclei Spectra

Nuclei spectra data from M1-like and M2-like macrophages further underwent
PCA analysis (Lu et al., Appendix 1, Figure 5). The biological assignments are
investigated based on the identified Raman shifts in nuclei signatures. The alterations
of the molecular information in nuclei between M1-like and M2-like macrophages can
be deciphered in the PC-1 loading plot. The cluster of nuclei spectra from M1-like
macrophages was distributed at a negative PC-1 score range, while M2-like nuclei-
derived spectra data displayed positive score values (Lu et al., Appendix 1, Figure
5AB). Qualitative evaluations of the identified signatures demonstrated significantly
increased signals from the M1-like nuclei at the peaks of 1579 cm, 1488 cm™, 1342

cm?, 1330 cm?, 786 cm™ and 725 cm?, these features are assigned to the pyrimidine
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ring, guanine, phospholipid, 5-Methylcytosine and adenine (Lu et al., Appendix 1,
supplementary Table S1). The nuclei spectra of M2-like macrophages conversely
contained elevated peak intensities at 879 cm and 857 cm, which are assigned to

hydroxyproline, proline, tryptophan and tyrosine (Lu et al., Appendix 1, Figure 5D).

These Raman band alterations were contributed to the epigenetic modifications,
which might play a role in monocyte differentiation into macrophage as well as M1-like
macrophage polarization into M2-like phenotype. Recent studies have shown that M1-
like macrophages have a relatively higher degree of DNA methylation state [201],
which is able to explain nuclei signatures in the M1-like phenotype. It has been
reported that M2-like macrophage has a lower expression level of DNA
methyltransferase 1, inducing downregulation of DNA methylation level [202].
Furthermore, the increased peak intensity which corresponds to proline was found in
the nuclei of M2-like macrophages. As an epigenetic modifier, proline is the precursor
of a-ketoglutarate, which is well known for the vital factors in cellular metabolism,
especially in the Krebs cycle [203]. a-ketoglutarate can enter the nucleus and become
substrates of ten-eleven translocation proteins and Jumonji C domain demethylases
[204, 205]. These two enzymes play a crucial role in DNA and histone demethylation,
which are the key components to activate macrophages polarizing into M2-like
phenotypes to initiate the anti-inflammatory reaction [206]. Based on the results, we
showed that RMS in combination with MVA potentially cannot only be utilized to
conduct immunophenotyping but also can be used for biological interpretation of
cellular activities as well as epigenetic modifications.
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4. Conclusions

The current fibrotic tissues assessment is limited to the conventional gold-
standard histopathological analysis as well as IF staining for ECM characterization [99,
100, 207]. Several pioneering imaging techniques, involving magnetic resonance
imaging (MRI), computed tomography (CT), second harmonic generation (SHG) and
ultrasound elastography provide optical examinations on architectural characteristics
of fibrosis [208, 209]; nonetheless, the investigation is still confined to morphological
differences, geometrical and quantitative evaluation of collagen fibers, which only
allows for late-stage fibrotic tissues diagnosis or during progressive dysfunction of
organs. These advanced techniques are inadequate to monitor the progression of
fibrotic tissue formation in a molecular manner [19]. These limitations hinder patients
who suffer from fibrotic disorders from obtaining appropriate treatment at an early

phase to mitigate the fibrosis.

In this thesis, the investigation of fibrotic tissues induced by the FBR was
established by using non-destructive and marker-independent RMS. In combination
with MVA, molecular information of Col | can be identified based on the spectral
fingerprints caused by the vibrational and rotational modes of the molecules [210].
First of all, RMS was employed to compare the fibrotic capsule induced by implantation
in diabetic and nondiabetic rodent models. The secondary structural difference in Col
| can be discriminated between two groups even though the ECM composition of the
fibrotic capsule did not show any difference. Furthermore, the PC-3 loadings plot
depicted the presence of AGEs can give rise to irreversible cross-linkage between Col
| fibers in a hyperglycemic environment. We proposed that the non-invasive detection
of cross-linked AGEs via RMS can be an alternative indicator to track long-term blood

glucose control for diabetic patients.

Secondly, RMS was utilized as a state-of-art diagnostic technique for high-speed
and robust discrimination between connective and fibrotic tissues. PCA analysis
demonstrated the different biomolecular signatures of the extracted Col | spectra from
two types of tissues, indicating conformational differences in Col I. The biological
assignments contributed to PC loading showed proline, hydroxyproline and amide |

alterations in the triple helical structure which might be related to fibrotic disorders
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[211]. Further validation of the secondary structure of Col | was conducted by amide |
band deconvolution. Secondary structures of a-helix, -sheets, B-turns and random
coils have been reported to be highly relevant to the sub-peaks below the amide | band
[180]. Compared to connective tissues, a significantly larger peak intensity at the
position of 1605 cm™ was found to be statistically correlative with fibrotic capsules.
This molecular-sensitive method allows fibrosis detection beyond morphological and
guantitative changes of the collagen bundles, which can be a promising diagnostic tool

for future clinical application.

The current identification of tissue-resident immune cells typically depends on
RNA expression, immunohistochemistry and flow cytometry [195, 196]. Macrophages
played a crucial role in innate and adaptive immune systems, which has been
extensively regarded as a factor to determine the biocompatibility of biomaterials [212].
Therefore, this thesis suggested a novel way to classify M1-like/M2-like macrophages
by utilizing RMS in a marker-independent manner ex vivo. The reference nuclei
spectra were extracted based on the co-localization of fluorescence-positive signals
of M1-like and M2-like macrophages. These reference spectra were employed to
unstained skin tissue sections with PVDF and TPU-chronoflex implantation. Heat
maps with color codes were generated and demonstrated a high correlation with IF
images. This is a pioneering analytical method establishment for in situ
immunophenotyping surrounding implanted biomaterials, indicating a potential

approach for future utilization of non-destructive and label-free examination.

The major limitation of our study was the use of the rodent model to investigate
the tissue fibrosis induced by the implantation of biomaterials. It has been reported
differences in FBR between human and animal models [213], which remains
controversial to translate the positive preclinical results to humans. From the
subcutaneous anatomy perspective, rodents have the structure of panniculus
carnosus, which belongs to the striated muscle layer between the dermis and
interstitial connective tissue [214]. It can cause contraction on the murine skin which
can substantially affect the circumstance of subcutaneous implantation [215]. This
anatomical structure is vestigial in human, only exists in regions of dartos muscle of
scrotum, palmaris brevis which lies in the fascia and platysma muscle at the neck [216-

218]. Therefore, the anatomical difference of subcutaneous location can affect the
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histological interpretation as well as imaging analysis and is challenging to reflect it to
humans. The other main difference of the skin tissue between murine and human can
be attributed to biomechanical issues [219]. Large animals such as humans and pigs
possess tight and thick skin (around 100 um), where the epidermis contains five to ten
cell layers [219, 220]. However, murine skin is relatively loose and thinner, the
epidermis consists of two to three cell layers [219]. This means the change of
compressive force on the implantable devices is not translational to human clinical
trials. The other reason that might cause the FBR difference is immunological
components [219]. The population of neutrophils and lymphocytes in peripheral blood
is not identical between human and murine. Human has approximately 60 + 10% of
neutrophils and 40 + 10% of lymphocytes; whereas, murine has 17.5 + 7.5% and 82.5
+ 7.5%, respectively [221]. Although both murine and human have CD8* T cells,
murine possesses a special kind of T cell, named as yd dendritic epidermal T cells
[222-225]. yd dendritic epidermal T cells can produce FGF-9 to the injured site after
implantation and activate the WNT signaling pathway which is highly related to hair
follicle repair. This feature is only specific to the murine instead of the human.
Moreover, several immune-regulatory cytokines that express in human, including IL-
8, CXCL-7 and CXCL-11, are absent in murine, indicating a difference in tissue repair

and angiogenesis between two species [223, 226, 227].

In order to bridge the gap between the interspecies differences, several strategies
have been proposed. Firstly, the skin contraction resulted from the structure of
panniculus carnosus in a murine model can be avoided by selecting a proper
implantation site such as ears, skull and tail. These locations contain cartilages and
bones underneath which can halt contraction from affecting the implantation [228].
Secondly, to simulate disease states and the immune system of human, genetically
modified models such as knockout and transgenic models can be employed. In our
study, STZ-induced diabetic rats were used as a testing model for potential
implantable biomaterials for future diabetes-reversing implants. Nevertheless, even
though STZ can cause apoptosis to insulin-producing cells in the pancreas to mimic
the disease state of type 1 diabetes, the model is not representative for the real
situation where the destruction of pancreatic 8 cells should be induced by autoimmune
attacks. Type 1 diabetes is characterized by massive destruction due to the infiltration

of lymphocytes and macrophages as well as the activation of autoreactive T cells [136].
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This complex immune system can potentially have an influence on the FBR though
the impact requires more studies for further explanation. To address the issue, Akita
diabetic murine engrafted with an immune system that is nearly identical to diabetic
humans can be a better model for the study [229, 230]. This model will be suitable for
future human islet transplantation study since that immune system can reject
transplanted islet allografts, which can be used for immune-isolation assessment for

the transplantable device.

Overall, this proof-of-principle study showed a great potential of RMS as a
diagnostic tool to investigate fibrotic disorders in a molecular manner. We
demonstrated the capacity of RMS to discriminate Col | and classify the populations
of M1l-like and M2-like macrophages in fibrotic tissues. This procedure can be
integrated with deep learning and offer pathologists a marker-independent, high-

speed and automatic approach to perform fibrotic disorder investigation.
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5. Outlook

The FBR-driven fibrotic capsule formation is the main obstacle for implantable
medical devices. Despite nearly no standard approach specified for testing FBR
induced by biomaterial implants, fibrotic disorders such as idiopathic pulmonary
fibrosis, pulmonary fibrosis and hepatic fibrosis and cirrhosis can be evaluated by
imaging diagnostic tools, including X-rays, CT scans and MRI [231, 232]. These
analytical methods can be applied for the monitoring of fibrotic capsule progression
for implantation. Nevertheless, imaging techniques are generally not available at
primary healthcare centers due to the high prices as well as in need for experienced
experts to operate the assessments. The imaging diagnosis of fibrosis in some cases
can be difficult to be determined and validated, which requires patients to receive
invasive tissue biopsy for a more definitive identification [233]. Furthermore,
histopathological examination is determined by focally acquired specimens, which
normally should not be representative of the entire organ. The results of this thesis
highlighted the potential of RMS to detect pathological fibrotic tissues by generating
color-coded Raman images based on specific spectral data. Every pixel of a scan
contains a spectrum which indicates information about the biochemical structure of

biological components.

RMS can be potentially applied to one of the intraoperative multimodal nonlinear
optical imaging (NLOI) systems to assist clinical evaluation of pathology [234, 235].
This platform system can consist of multiple NLOI modalities including SHG, third
harmonic generation, Raman spectroscopy, coherent anti-Stokes Raman
spectroscopy, stimulated Raman spectroscopy, multiphoton fluorescence,
fluorescence lifetime imaging microscopy and infrared spectroscopy. Coupling this
NLOI system renders high molecular contrast and high spatial resolution in detection
of intracellular dynamics and disease states [236]. Recently, the development of NLOI
system has been translated from the bench to the bedside in various areas. The group
of Prof. Stephen A. Boppart demonstrated the utilization of NLOI system for a needle
biopsy on tumor tissues to improve the accuracy of cancer detection during tumor
removal procedures [237]. The NLOI-based technology possesses the advantage of

marker-independent visualization of pathological status [238]. It has been reported that
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multiple NLOI modalities were applied to tissue microenvironments to promote the
evaluation of tumor progression and metastasis based on the observation of crucial
factors such as immune cells, collagens, blood vessels and oxy and deoxyhemoglobin
[239, 240].

Toward translational research, early fibrosis diagnosis is essential to enhance the
therapeutic outcomes before irreversible and non-functional fibrotic tissues replace
native tissues and ultimately affect the functionality of the organs and the survival of
the patients [241]. In 2017, Raman spectroscopy was first used to investigate to
examine the pathological progress of liver fibrosis in rats [242]. In comparison with
control groups, fibrotic tissues can be discriminated by PCA and linear discriminant
analysis (LDA). Apart from Raman spectroscopy, several spectroscopic methods have
been emerging to achieve fibrosis diagnosis examination in qualitative and quantitative
manners. Autofluorescence spectroscopy was established to monitor different stages
of hepatic fibrosis [243]. The alterations of the spectral data were observed based on
the endogenous fluorophores of biological components including organic and
inorganic compounds. Shaiju S. Nazeer et al. [243] showed differences in fluorophores
of several biomarkers that are highly associated with the severity of liver fibrosis,
including hemoglobin, lipofuscin-like substances and porphyrin in various stages of
hepatic fibrosis. Along with MVA, it was able to classify mild and moderate hepatic
fibrosis. Infrared spectroscopic imaging can also provide potential utility for fibrosis
diagnosis. Infrared spectroscopy gains a deep understanding of molecular changes
based on the frequencies difference of light absorption caused by various types of
chemical bonds [244]. Similar to RMS, the spectra generated by infrared spectroscopy
represent specific cellular and fibrotic biomarkers, including ECM proteins, lipids and
polysaccharides [245]. Recently, Vidyani Suryadevara et al. [246] proposed infrared
spectral microscopy as a novel tool to measure the grades of lung fibrosis on a murine
bleomycin model. After undergoing PCA-LDA analysis, the spectra data differentiate
various groups with different stages of fibrosis in accordance with the timeline from

bleomycin treatment.

These spectroscopic approaches in combination with RMS, unlike histological
assessment and morphological imaging techniques such as CT and MRI, can

specifically characterize the molecular and compositional modifications in the
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components related to fibrotic tissue formation. A potential future direction for
spectroscopic methods in fibrosis research is to collect spectral data from various
fibrotic disorders in different species in order to develop a database in combination
with deep learning. These applications will be beneficial to future investigation of
fibrosis on fresh tissue or in vivo and would allow direct diagnosis of unknown fibrotic

disorders in the clinics.
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Keywords:
Foreign body response
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Understanding the immune system's foreign body response (FBR) is essential when developing and validating a
biomaterial. Macrophage activation and proliferation are critical events in FBR that can determine the material's
biocompatibility and fate in vivo. In this study, two different macro-encapsulation pouches intended for

;E:l:::::s"um matlx pancreatic islet ion were i d into in-induced diabetes rat models for 15 dayc Pmt
Diabotes explantation, the fibrotic capsules were analyzed by standard i histochemistry as well as

Raman microspectroscopy to determine the degree of FBR induced by both materials. The potential of Raman
microspectroscopy to discern different processes of FBR was investigated and it was shown that Raman micro-
spectroscopy is capable of targeting ECM components of the fibrotic capsule as well as pro and anti-inflammatory
macrophage activation states, in a molecul itive and mark manner. In combination with
multivariate analysis, spectral shifts reflecting conformational differences in Col I were identified and allowed to
discriminate fibrotic and native interstitial connective tissue fibers. Moreover, spectral signatures retrieved from
nuclei demonstrated changes in methylation states of nucleic acids in M1 and M2 phenotypes, relevant as indi-
cator for fibrosis progressnon This study could successfully 1mplement Raman microspectroscopy as comple-
mentary tool to study in vivo i P 1 information of FBR of biomaterials and
medical devices, post-implantation.

1. Introduction of insulin independence typically only lasts 5 years. The foreign body

response (FBR) driven by immune cell infiltration can influence the ul-

Type 1 diabetes (T1D) is an autoimmune disease that induces the
destruction of pancreatic islets, resulting in the deficiency of insulin
secretion [1]. Current treatments still mainly rely on daily extraneous
insulin regimens, which can negatively affect the quality of life for pa-
tients suffering from T1D and is difficult to manage proper glycemic
control over an entire lifespan [2-5]. Alternative strategies such as
continuous subcutaneous insulin infusion (CSII) therapy [6,7], insulin
pumps in combination with real-time glucose monitoring systems [8] or
partially closed-looped insulin delivery systems [9] have been developed
and are in clinical use. Pancreatic islet transplantation provides a po-
tential method to cure T1D; however, the positive therapeutic outcomes

* Corresponding author. Silch 7/1, 72076, Tiibingen, Germany.
E-mail address: julia.marzi@uni-tuebingen.de (J. Marzi).
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timate therapeutic outcome of the implantable devices, including islet
encapsulation devices [10-13]. FBR is an end stage process of the wound
healing and pathogen removal processes, which can cause damage to a
material or facilitate the immunological process to engulf an implant into
a fibrotic capsule [14-16]. The fibrotic capsule can physically wall off the
device and impede it from oxygen, nutrients and insulin transportation,
thereby impairing the functionality and survival rate of the engrafted
insulin-producing cells.

FBR drives tissue fibrosis. It is initiated by non-specific serum protein
adsorption to the implant surface followed by neutrophil and monocyte
recruitment [17]. Once monocytes adhere to the interface, they start
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iating into macj which play a crucial role in modulation
of the inflammatory reaction, ECM remodeling and wound healing [17].
Macrophages can undergo further polarization towards different stages
of wound healing processes. Macrophages can differentiate to highly
heterogeneous subpopulations among which pro- and anti-inflammatory
phenotypes are the most relevant ones: the non-activated macrophages
(MO0), the ¢ activated which are related to proin-
flammatory reaction (M1) and alternatively activated macrophages
which are d with ive and anti-infl y d.
(M2) [18]. The balance between M1 and M2 macrophages is essential to
tissue remodeling, the imbalance between the phenotypes can result in
negative effect of scar tissues formation [19]. Domination of M1
phenotype population has been shown to be detrimental to the implan-
tation [20]; whereas M2 macrophages can secrete factors (e.g. IL-10,
RELMa, Arg-1) that support tissue remodeling and inhibit fibrosis [21].
Therefore, the therapeutic strategies for implantable devices aim to
reduce the ratio of M1/M2 [20,21]. Over time, macrophages fuse into
foreign body giant cells, which induce fibroblasts and myofibroblasts and
to migrate to the implantation site where they secrete collagens and other
ECM components finally forming a fibrotic capsule surrounding the
implant [19].

FBR is typically d using hi: such as H&E and
Masson's trichrome which require invasive procedures and further
sectioning protocols. Moreover, most histological stains are only limited
to the qualitative observation of tissue and fiber morphologies. There-
fore, Raman microspectroscopy (RMS) was employed to investigate FBR
at the interface between the tissues and biomaterials. RMS is a non-
destructive and marker-independent analytical techni that can iden-
tify molecular information based on the interaction between the laser
light and the chemical bonds in a sample [22]. Recently, our group
published a study using micro-computed tomography (uCT) and RMS to
investigate the fibrotic capsule caused by an implantable therapeutic
reservoir on a streptozotocin (STZ)-induced diabetic animal model [23].
We demonstrated the capability of RMS to identify the presence of
advanced glycation end-products (AGEs) in Collagen I (Col 1) in the
diabetic animals. In this study, RMS was applied to the resulting capsular
areas which were induced and surrounded enveloping two biomaterial
for islet encapsul in vivo, polyvinylid fluoride (PVDF)
and TPU-chronoflex, to further gain a deeper understanding of FBR in a
STZ-induced diabetes model. Specifically, RMS was used to discriminate
interstitial connective tissues and the fibrotic capsule via Col I spectra in
combination with multivariate tools. Numerous studies categorizing
tissue types via RMS have been published, especially in the field of tumor
biology, cell malignancy and carcinoma identification [24,25]. However,
there is little research regarding ECM content differentiation between
normal tissues and fibrotic capsules with RMS. Furthermore, RMS was
used to detect the differences in methylation states between M1/M2
macropt Recent h from our group revealed RMS with
multivariate analysis could distinguish different subtypes of macro-
phages (MO0, M1, M2a and M2c) in situ through their lipid spectra [26].
This work was supported by other studies focused on macrophage phe-
notypes identification via RMS [26-29]. Most of these studies conducted
their measurements on in-vitro samples. This study is the first to focus on
performing RMS to classify macrophages phenotypes in a more complex,
three-dimensional tissue environment following medical device
implantation.

did

2. Materials and methods
2.1. Biomaterials

Briefly, TPU-chronoflex [23] and PVDF sheets were produced by an
in-h inning approach with thickness of 50 pm and pore size
of 2 pm. The TPU-chronoflex pouches were generated with dual layers of
TPU and chronoflex sheets. The PVDF pouches were produced with dual
layers of PVDF sheets (Supplementary Fig. S1A). Pouches were
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manufactured by using in-house laser welding techniques developed by
Boston Scientific (Galway, Ireland). Empty pouches were used for im-
plantation in this study.

2.2. Surgical procedure, implantation and explantation

The procedures of biomaterial implantation have been described
previously and were shown in Supplementary Fig. S1B) [23]. Animal
studies were conducted by Abiel Sr (Palermo, Italy) with the approval of
the Italian Ministry of Health (Authorization No. 66/2017-PR). Six fe-
male RecHan Wistar rats (150/200 g, 12-week-old, ENVIGO) were uti-
lized for the study. All animals were treated with 65 mg/kg STZ
intr ly to induce diab 14 days prior to implantation. Every rat
underwent anesthetization by isoflurane before and during implantation.
PVDF and TPU-chronoflex pouches were implanted subcutaneously.
Each rat was implanted with two pouches of the same biomaterial type
on the mid-back of the rat. Each type of pouch was implanted in 3 ani-
mals. On day 15, the biomaterials with surrounding skin tissues were

1 d en bloc. 4% paraformaldehyde was used to fix the tissue blocks
overnight at 4 °C before paraffin embedding. The tissues were sectioned
to 5 pm thick slices and placed on glass slides. Before histological staining
and Raman imaging, sections were deparaffinized in 100% xylene and
rehydrated with a descending ethanol row. Skin tissues from regions
without implants served as internal controls.

2.3. Histological staining

2.3.1. Modified Movat pentachrome staining

Deparaffinized sections were stained with a histologic pentachrome
stain. Briefly, Weigert's resorcin-fuchsin solution (Banishes Fuchsin,
Waldeck GmbH, Miinster, Germany plus ferric chloride, Carl Roth GmbH,
Karlsruhe, Germany in 96% acetified ethanol) was applied for 30 min
and washed by running tap water for 2 min. 80% ethanol solution was
used for the first color differentiation. Weigert's Iron hematoxylin
(Waldeck GmbH) plus ferric chloride was applied for 10 min to stain
nuclei and washed by deionized water. The second differentiation was
conducted by 0.5% HCI-EtOH, followed by running tap water for 10 min.
The sections were treated with 3% acetic acid (Carl Roth GmbH) first and
then stained with 1% alcian blue (Waldeck GmbH) followed by Brilliant
crocein acid-fuchsin (Brilliant crocein y plus Acid-fuchsin, both Waldeck
GmbH).1% Acetic Acid and 5% phosphorus tungstic acid (Aldrich, USA)
were employed for the final differentiation. The sections were then
drained with 100% ethanol several times, the collagens were stained
with a saffron du gatinais solution (Waldeck GmbH). Finally, the sections
were drained in 100% ethanol several times followed by incubation in
Roti-Histol (Carl Roth GmbH) before mounting in Roti-Histokitt (Carl
Roth GmbH) The stained sections were imaged by utilizing a light mi-
croscope (Observer Z1, Carl Zeiss AG, Oberkochen, Germany). The
fibrotic capsule thick was d via the function in
Zen 2 blue edition (Carl Zeiss AG). The measurement of capsular thick-
ness is depicted in Supplementary Fig. S2.

2.3.2. Picrosirius red staining

Deparaffinized sections were washed with distilled water for 5 min.
Nuclei were stained with Weigert's hematoxylin (Waldeck GmbH) for 8
min. The stained sections were then rinsed with running tap water for 10
min. Picrosirus red (Sirius red plus picric acid solution, Sigma Aldrich
USA) solution was applied for 1 h for collagen staining. Sections were
washed with 0.5% acetic acid followed by absolute ethanol. The stained
sections were imaged via polarized light microscopy (Axio Observer Z1,
Carl Zeiss AG). The resulting colors vary between different thicknesses of
collagen fibers, which has been reported to be related to collagen fiber
maturity [30,31]. Red to orange colors indicate thicker fibers; yellow to
green colors illustrate thin collagen fibers. Hue, saturation, brightness
(HSB) color model in the Image J (Fiji version 2.0.0) software was uti-
lized for analysis. Settings were ad: i

d based on par p y
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reported [30,32]. Red and orange (red: 1-13; orange: 14-25) was
determined to represent mature collagens whereas yellow and green
colors indicated immature collagens (yellow: 26-52; green: 53-110) [30,
31]. The area percentages of red/orange to yellow/green were quanti-
fied. Three images were acquired and analyzed for each sample.

2.4. Immunofluorescence staining

Deparaffinized sections were stained for the following proteins:
mouse monoclonal anti-eaSMA (1:500; Sigma-Aldrich, St. Louis, USA),
rabbit polyclonal anti-Col I (1:500; Cedarlane, Burlington, Ca) and rabbit
polyclonal anti-Col III (1:75; Acris, Herford, Germany) as described
previously [23]. In addition, tissue sections were stained for macrophage
surface proteins: mouse monoclonal anti-CD68 (1:50; Bio-Rad, Hercules,
CA, Cat#: MCA341R), rabbit monoclonal anti-CCR7 (1:250; abcam,
Cambridge, United Kingdom, Cat#: ab32527), and rabbit polyclonal
anti-CD204 (1:200; ThermoFischer, Waltham, MA, Cat#: PA5-102519).
All primary antibodies were incubated overnight at 4 °C. AlexaFluor
594 conjugated goat anti-mouse (1:250, Thermo Fisher, Waltham, MA)
was applied as secondary antibody for CD68 or aSMA, and AlexaFluor
488 conjugated goat anti-rabbit (1:250; Thermo Fisher, Waltham, MA)
for anti-CCR7, anti-CD204, anti-Col I or anti-Col III antibodies. Control
slides received equivalent volumes of dilution buffer. Fluorescence im-
ages were obtained by confocal laser scanning microscopy (LSM 880,
Carl Zeiss AG). The cell numbers were counted manually by using the
colocalization analysis (Zen 2 Blue, Carl Zeiss AG). Colocalization anal-
ysis is conducted on a pixel-by-pixel basis, the threshold of the scattering
plot of pixel intensities of each channel was set to cover the frequency of
255. Control tissue sections without primary antibodies were used to
validate the IF signals. Triplicate images were selected for each sample.
CD68'/CCR7" or CD68'/CD204" cells were indicated as M1-like or
M2-like macrophages, respectively. Mean gray value (MGV) was
employed to quantify the expression level of the ECM components by
using ImageJ V 1.52p, which is the amount of the gray values of all pixels
normalized by the number of pixels.

2.5. Raman microspectroscopy and imaging

Raman microspectroscopy (WITec alpha 300 R, Ulm, Germany) was

performed at the interface of the fibrotic capsule as described previously
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spectra information were visualized in 2D scatter plots and averaged per
animal for visualization and statistical comparison in box plots. For
macrophage identification, nuclei spectra of immunofluorescence
stained CCR7 positive (CCR7") cells or CD204 positive (CD204 ") cells
were extracted and applied to non-stained fibrotic capsule Raman scans
to assess the difference between M1 and M2 phenotypes. The ratio of M1
to M2 macrophages was calculated manually based on the numbers of
nuclei positive for CCR7" or CD204" derived reference spectra. PCA
analysis was performed of the two macrophage subsets for further bio-
logical interpretation.

2.7. Statistics

Statistical analyses were performed using Prism 9 (GraphPad, La
Jolla, USA) software. Unpaired t-tests were conducted for comparison
between two experimental groups. One-way parametric ANOVA tests
were applied to compare fibrotic tissues and interstitial connective tis-
sues. Significance was defined as p < 0.05 and indicated in the figures as
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. N numbers
were defined as biological replicates which were 3 animals per implant
material and 6 (pooled TPU and PVDF data) for macrophage comparison.

3. Results

4.1. PVDF and TPU-chronoflex pouches induce different thickness of
fibrotic capsule with similar collagen state

PVDF and TPU-chronoflex pouches were implanted in rats subcuta-
neously and explanted after 15-days followed by paraformaldehyde fix-
ation, sectioning and paraffin embedding. The overall ECM composition
within the skin tissues was visualized via Movat pentachrome staining.
Epidermis and dermis were illustrated in light scarlet red. Panniculus
carnosus (striated muscle) was shown in dark scarlet red; ground sub-
stance of interstitial connective tissue and the dense fibrotic capsule
around the implant appeared in greenish, which display the colocaliza-
tion of collagen (yellow) and proteoglycans (blue). Nuclei were stained in
dark purple. Implant-free tissue extracted from back regions in the pe-
riphery of the transplants showed natural interstitial connective tissues
under the panniculus carnosus (Fig. 1A). Subcutaneous tissues with the
impl d d a higher degree of morphological changes due to

[23]. A 63 objective (W Plan-Apochromat 63x/1.0 M27, Carl Zeiss AG.
was used to image deparaffinized and hydrated tissue sections, sequential
to sections subjected to IF staining. Spectral preprocessing and analysis
were conducted in Project Five 5.2 (WITec GmbH). True component
analysis (TCA) was applied to generate false-color coded intensity dis-
tribution heatmaps based on reference spectra of xSMA, Col 1, Col Il and
nuclei generated in a previous study [23]. To obtain reference spectra of
immune cells, Raman imaging was correlated with CD68/CCR7 or
CD68/CD204 positive immunofluorescence images and spectra from
co-localized pixel were extracted. Triplicate images were selected for
each sample. Similar to ECM signatures, the retrieved spectra were used
as reference spectra to identify macrophage polarization states via TCA.
MGV was also performed to quantify the signal intensities of the specific
proteins. The cell numbers were counted manually by using ImageJ V
1.52p.

2.6. Multivariate data analysis

Biological molecular information was analyzed and interpreted by
principal component analysis (PCA) (The Unscrambler X, CAMO Soft-
ware AS, Oslo, Norway). Col I spectra were extracted from defined re-
gions within the fibrotic capsule and interstitial connective tissue.
Spectral data from normal skin tissues were extracted as controls. PCA
analysis was used to investigate the molecular fingerprints in Col I
spectra based on Raman shifts between different types of tissues. Single

fibrotic capsule formation. Visualization of subcutaneous tissues with
PVDF implantation (Fig. 1B) showed relatively thinner layers of fibrotic
capsule compared to the TPU-chronoflex group (Fig. 1C). Picrosirius red
stained sections showed the collagen fiber architecture when exposed to
polarized light due to birefringent features of collagens (Fig. 1D). The
thickness of the capsule around TPU-chronoflex was 265.3 + 42.06 pm
compared to 114.5 + 14.62 ym in PVDF (Fig. 1E). The quantification of
picrosirius colorimetry demonstrated significant difference between
fibrotic capsule and interstitial connective tissue (Fig. 1F and G). Within
capsule regions, the ratio of red/orange to yellow/green fibers showed
no significant difference. Compared to interstitial connective tissue,
contribution of red/orange fibers was higher in the capsular areas.

4.2. ECM characterization of fibrotic capsule regions

Expression and deposition of fibrosis-relevant ECM components sur-
rounding the implant were further compared between tissue sections of
PVDF and TPU-chronoflex implantation via conventional and marker-
independent imaging methods. Raman scans were acquired at the
interface between implant and interstitial connective tissue. TCA was
first applied on the Raman scans to generate color-coded intensity dis-
tribution heat maps of the most relevant structures. (Fig. 2A). According
to specific spectral signatures (Fig. 2B), PVDF and TPU-chronoflex,
demonstrated distinctive Raman spectra compared to other bio-
molecules. Col I, Col III and elastin were localized based on reference
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spectra obtained in a previous study [33]. The dense fibrillar collagens in
the capsular area showed a parallel alignment to the implants, whereas
the interstitial connective tissue region contained loosely arranged
collagen fibers (Fig. 2C). These morphological observations showed
correlation with SHG images (Supplementary Fig. S3). Additionally, Col I
and aSMA were identified in the Raman images. Distribution of Col I and
«SMA signals was more prominent in the fibrotic capsule regions
compared to the interstitial connective tissue (Fig. 2C). IF staining was

and dermis; dark scarlet red: panniculus
carnosus; yellow: collagen; blue: pro-
teoglycans. Green: colocalization of collagen
(yellow) and proteoglycans (blue); yellow
asterisk: implant region; scale bars equal 1
mm (left); (D) Selected ROIs of top and
bottom regions of capsular areas for PVDF
and TPU-chronoflex tissues; Scale bar equals
50 pm (E) Average thickness of the fibrotic
capsule was determined for both implants. N
= 3, ttest, p* <0.05 (F) Picrosirius red
— staining demonstrated red/orange collagen
fibers and randomly distributed yellow/
green fibers in the fibrotic tissues. Scale bar
(E) equals 50 pm. (G) The ratio of red/orange to
yellow/green fibers showed significant dif-
ference between interstitial connective tissue
400+ * (ICT) and fibrotic capsule (FC). Yellow
—— asterisk: implant side. (For interpretation of
the references to colour in this figure legend,
the reader is referred to the Web version of
this article.)
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applied to identify Col I (green), Col III (yellow), aSMA (red), and nuclei
(blue) in all tissues to validate corresponding Raman signals. (Fig. 2C).
Raman scans were applied on consecutive sections without IF staining.
Analogous distribution patterns of Col I and «SMA were shown in both
imaging methods and confirmed the observations of histological ana-
lyses. Raman imaging was compared to IF imaging in regards of
semi-quantitative analysis (Fig. 2D and E). The marker-dependent and
marker independent readouts showed similar quantitative results in Col I
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and aSMA expression but no in Col III. In addition, no significant dif-
ferences were found when comparing the ratio of Col I to Col IIT areas in
both methods (Supplementary Fig. $3).

4.3. Discrimination of fibrotic capsule tissues and interstitial connective
tissues via multivariate analysis of col I spectra

Col I morphology from the tissue surrounding the two implant types
demonstrated non-identical patterns in fibrotic areas and interstitial
connective tissues. In addition to marker-independent structural assign-
ment and visualization, RMS provides molecular information of biolog-
ical components reflected in spectral variations. Therefore, single Col I
spectra were extracted from fibrotic and interstitial connective tissue
regions to perform a PCA. Herein, the interstitial connective tissue from
implant-free tissue regions of the same animals were used as a control.
The PC-1/PC-3 scores plot showed two main clusters separating Col 1
signatures derived from interstitial connective tissues (implant-free re-
gions and connective tissue layer below PVDF and TPU-chronoflex im-
plants) and fibrotic capsule (the fibrotic interface adjacent to the
implants) (Fig. 3A and B). PC-3 scores demonstrated significant

differences between Col I extracted from the two areas. Col I spectra from
interstitial connective tissues clustered at positive score ranges, whereas
negative values were demonstrated for Col I from fibrotic areas (Fig. 3C).
The corresponding loadings plot showed biological assignments to peaks
at 1651 em ', 1611 em ', 1321 em’, 1004 cm !, 856 cm ! and 815
em! (Fig. 3D), assigned to amide I, tyrosine, amide III, phenylalanine,
proline and hydroxyproline. A detailed overview of the most relevant
peaks and their molecular assignment is provided in Supplementary
Table S1. A PCA on Col I was performed for in-depth comparison only
within the fibrotic capsules and enabled to further elaborate alterations
of Col I composition between PVDF and TPU-chronoflex indicated by
spectral changes at 923, 972 and 1448 cm 1 (Supplementary Fig. S5).

4.4. Identification of M1-and M2-like macrophages via nuclei spectra

Polarization of tissue infiltrating macrophages towards a M1 (pro-
infl y) or M2 (anti-infl y) phenotype can indirectly in-
fluence fibrosis severity [34]. IF stains were applied on tissue sections to
identify different phenotypes of macrophages via fluorescence-guided
acquisition of Raman reference spectra. In addition to pan-macrophage
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marker CD68, tissues were stained for either CCR7 or CD204 to acquire
Raman scans of single cells by fluorescence guidance (Fig. 4A). The
spectra co-localized with positive surface protein signals were extracted
and compared to the spectrum of DNA signals from CCR7 /CD204 cells
within the fibrotic tissue. Similar signatures with subtle variations in the
peaks at 1579 cm ™}, 1488 em™*, 1379 em !, 1330 cm ™!, 879 em ™!, 857
em ! and 725 cm ! could be observed among the three spectra (Fig. 4B).
The identified spectra were applied as reference spectra to unstained

determined. Differences in macrophage polarization were observed in
fibrotic capsule tissue formed around PVDF and TPU-chronoflex. The
ratio between CCR7* to CD204 ™ cell numbers was significantly increased
in FBR induced by TPU-chronoflex implantation compared to PVDF
(Fig. 4D and E). Quantification based on Raman imaging was performed
at similar specificity as conventional IF imaging.

4.5. macrophage ph /ping via PCA analysis on

Raman scans of PVDF and TPU-chronoflex induced fibrotic capsules and
enabled the identification and localization of cellular subtypes, which
showed high correlation with IF images (Fig. 4C). Based on the Raman

and IF images, ratios of CCR7' to CD204" macrophages were

nuclei spectra

To further investigate the biological relevance of the identified al-
terations in nuclei signatures of M1-like (CCR7 ") and M2-like (CD204 ")
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and TPU-chronoflex samples was applied to target nuclei of macrophages for correlative Raman imaging (pink & light blue). Scale bar equals 3 pm. (B) Average nuclei
spectra extracted from CCR7" (pink) and CD204 " (light blue) macrophages, compared to non-macrophage nuclei spectrum (blue). (C) Raman spectra were applied to
the previously acquired unstained Raman scans of the fibrotic capsule for a guided TCA on cellular subtypes and compared to IF images. Scale bar equals 20 pm; yellow
asterisk indicates interface to implant. The ratio of CCR7 " to CD204" cell numbers was significantly different between the two implantation groups for both IF (D) and
Raman (E) images. N = 3, t-test, p* <0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

macrophages, spectral data from the assigned nuclei were extracted and
applied for PCA to further elaborate spectral variations among the
macrophage phenotypes. Two separated clusters were displayed in the
PC-1 vs PC-3 scores plot (Fig. 5A). The CCR7 " cell derived data clustered
at negative PC-1 score ranges, whereas CD204 " cell derived spectral data
shifted towards positive PC-1 score values. PC-1 scores showed signifi-
cant difference between nuclei spectra of M1-like and M2-like macro-
phages (Fig. 5B). In PC-1 loadings, difference in nuclei features were
identified at increased Raman shifts for CCR7" cells at 1651 cm ™!, 1579

em!, 1488 em Y, 1379 em !, 1342 em ™}, 1309 em !, 786 ecm ! and
725 em™! (Fig. 5C), assigned to lipids, pyrimidine, guanine, CHz and
CH3/CHy twisting, 5-Methylcytosine and adenine (Supplementary
Table S1). Nuclei spectra of CD204" macrophages showed higher in-
tensities at the two peaks at 879 cm™' and 857 cm™!, corresponding
hydroxyproline, proline, tryptophan and tyrosine. Statistical analysis of
the most relevant loadings-derived Raman bands demonstrated signifi-
cant differences in respective peak intensities of CCR7" and CD204
macrophage subsets (Fig. 5D).
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5. Discussion

RMS was d as a novel to obtain robust and faster
discrimination between interstitial connective and fibrotic tissues when
compared to morphological of histological stains. PCA was
conducted on Col I spectra and identified different bi ular signa-
tures for different tissue regions. Significant differences between the
fibrotic and non-fibrotic tissue areas indicated secondary confor 1
difference in Col I. Although investigations via RMS regarding
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has been widely shown to indi less severe infl y and fibrotic
reaction to implants [18,50]. Moreover, M1-like macrophages showed
higher intensities in Raman bands cor ding to the assi: of
guanine, adenine, CH3/CHj twisting and 5-methylcytosine (5-mC).
Those peak shifts could indicate relatively higher DNA methylation state
in the cells, which is consistent to our previous findings [51]. Our pre-
vious work hypothesized that Raman bands at 1257 cm ™, 1331 cm ™!,
1342 em ' and 1579 cm ! might be distinctive markers for DNA

hylation. The M1-like vs M2-like loadings in this study demonstrated

conformational changes have been described in various pathological and
disease states [35,36], Col I alterations between fibrotic and interstitial
connective tissues have seldom been reported. In this study, Col I in the
fibrotic capsule demonstrated higher spectral contributions of proline,
hydroxyproline, tyrosine, phenylalanine and amide I, which might affect
physical stability in its triple helical structures [37,38]. Collagen pro-
duction in wound healing process highly relies on proline and hydroxy-
proline [39,40]. This might explain the differences at 815 cm ! and 856
em ™! (proline and hydroxyproline) in the Col I spectra, which showed
decreased intensities in the fibrotic tissues compared to interstitial con-
nective tissues. A recent study utilized a murine model to evaluate wound
healing activity by administration of proline and hydroxyproline [41].
The results showed that proline and hydroxyproline might induce muscle
regeneration with less fibrotic tissue. Though the mechanism requires
more studies to be further elaborated, these differences are of great
promise as potential biomarkers to identify fibrotic alterations in colla-
gens as a proxy for immune response to implants. This finding can be
expanded to further diagnostic applications. The definition of the
thickness or the area of the fibrotic tissue in histological stains might
cause bias between different individuals. Notably, our study highlights
that fibrotic and interstitial connective tissues can be differentiated based
on Raman spectrum of Col I, allowing biased d interpre-
tation of the fibrotic regions.

Macrophages, are one of the various immune cells involved in innate
and adaptive immunity [42], and play a key role in the process of FBR
[43]. The interaction of macrophages and the surface of biomaterials at
the initial stage of impl ion has been ly described and is
highly rel to define the bi ibility of novel implant materials
[17,43,44]. Currently, the classification of tissue-resident macrophages
mainly relies on i histochemistry, chr methods, RNA
expression or flow cytometry [26,45]. To overcome limitations of these
methods in regard to temporal and spatial resolution, our group recently

blished Raman on an in vitro polarization model for
monocyte-derived macrophages (MDM). Four different macrophage
subsets (MO, M1 and M2a and M2c) were identified through their lip-
idome profiles assessed via RMS [26]. Whereas single-cell measurements
in suspension provide less background noise, identification of cells in a
complex tissue envi i hall Not only due to the
sample heterogeneity, but also due to impacts of sample processing
(fixation, removal of lipids during deparaffinization) and challenging
immunofluorescence-based validation of immune subsets. Multiplexing
is feasible in flow cytometry based immune phenotyping of macrophage
subsets but limited in conventional IF staining.

In this study, we proposed a potential approach for in situ immuno-
phenotyping by marker-independent Raman imaging, based on
fluorescence-guided generation and validation of macrophage subset
reference spectra. There is a multitude of rather M1- (CD86, CCR7,
CX3CR1, IL-7R, CD8O, IL-1p, IL-12 and HLA-DR) or M2-like (CD163,
CD204, CD206, CD209, CD369) surface markers [45,46]. In accordance
to a previous study on rat tissue [47-49], CCR7 and CD204 were selected

similar tendencies in the Raman bands corresponding to identical bio-
logical assignments, where significant differences in peak intensity were
found at 1330 cm ! (Twisting/wagging modes of CHz and CH3CH in
nucleic acids), 1342 (Guanine), 1488 (Guanine) and 1579 cm ™! (Py-
rimidine ring). The significantly increased signal at 786 cm™" has been
reported to represent 5-mC [51,52], which is the methylated cytosine in
the DNA backbone that is mainly involved in gene transcription regula-
tion. In fact, it has been shown that epigenetic modifications, especially
DNA methylation play a role in macrophage polarization. Inhibition of
DNA methyltransferase 1 (DNMT1) can promote activation of M2 mac-
rophages, resulting in anti-inflammatory function [53,54]. The increased
intensities in the peaks at 857 cm ' and 879 cm ! in the nuclei signature
of M2 macrophages were assigned to proline, hydroxyproline, trypto-
phan and tyrosine (Supplementary Table S1). Proline, as one of the
epigenetic modifiers, is the precursor of a-ketoglutarate [55,56].
o-Ketoglutarate is capable of entering the nucleus [57], which can be
utilized as a substrate of ten-eleven translocation (TET) proteins and
Jumonji C domain demethylases for DNA demethylation and histone
demethylation, respectively [55,58]. The high-level of proline signals in
M2-like macrophages compared to M1-like macrophages explained that
the M2 phenotypes had lower methylation levels than M1 macrophages.
This biological phenomenon has also been shown by other groups that
a-ketoglutarate can induce anti-inflammatory response by promoting
macrophage polarization into M2 macrophages and suppressing M1
macrophages activation [59,60]. Apart from using the difference in the
degree of DNA methylation to discriminate M1-like/M2-like phenotypes,
the peak intensity at 725 cm ' has been noted to decrease in M2-like
macrophages [61]. These results were consistent to the histological and
Raman images, demonstrating that compared to PVDF, tissues with
TPU-chronoflex implantation induced more severe FBR.

While PVDF has been widely used in the clinic as surgical meshes
[62], TPUs have been applied to cardio- or vascular implants or catheters
[63]. It has been reported that the inflammatory and fibrotic effects of
PVDF are less severe compared to other materials [64]. This attenuated
immune response might be due to the high similarity of the carbon
backbone in the molecular structure of PVDF to human tissues [62,65].
TPU also has been reported to induce relatively mild FBR [66]. None-
theless, in our study, a modified TPU-chronoflex dual-layer pouch was
applied as a candidate delivery system for islet encapsulation, which has
not been characterized before. The overview of the brightfield images of
Movat pentachrome staining showed the fibrotic tissue caused by
TPU-chronoflex was significantly thicker than by the PVDF pouch. Pic-
rosirius red staining has been reported for the use of examination of the
scar collagen states such as fiber thickness or maturation [30,67,68].
Picrosirius red g d rated diffe e in the organization of
collagen fibers between the fibrotic capsule and interstitial connective
tissues. Nevertheless, the definite indication of the colorimetry in PSR
staining with polarized light remains controversial and requires com-
plementary validations. The morphological characterization of the
fibrotic capsules was followed by IF staining and Raman imaging of

as IF markers for pro-inflammatory Ml-like and anti-infl y
M2-like) phenotypes to identify the regions of interest and acquire
spectra of colocalized nuclei. These reference spectra allowed for the
identification and discrimination of M1-like and M2-like phenotypes on
non-processed subcutaneous tissue sections. The analyses demonstrated
higher M1-like/M2-like cell number ratios for FBR induced by
TPU-chronoflex than for PVDF. Lower M1-like/M2-like cell number ratio

implant-adjacent tissue regions. ECM remodeling in FBR involves im-
mune cell recruitment, cytokine and chemokine release as well as
collagen deposition [69]. Previous work by our group has shown the
great potential of RMS to investigate ECM structures and biomolecules in
tissue engineering [23,70,71]. Based on established reference signatures,
aSMA, Col I and Col III were identified and localized in the fibrotic
capsule. Quantitative evaluation of Raman imaging demonstrated the

71



Cee Luetal

TPU-chronoflex group had significantly higher Col I production level.
The latter value might indi an i d Col I by myofi-
broblasts in the TPU-chronoflex group. Furthermore, the enhanced level
of Col I in TPU-chronoflex group could indicate an advanced stage of
fibrillogenesis compared to the PVDF group [72].

This proof-of-principle study demonstrated a potential way to eval-
uate the foreign body response by using RMS in combination with large
database and machine learning. Current approaches for fibrotic tissues
assessment in preclinical research as well as clinical diagnosis still highly
rely on conventional hi: hological analysis and IF for ECM
characterization [73-75]. These di d i ive tissue
biopsy procedures and represent endpoint readouts. MRI, CT, SHG and
ultrasound elastography provide optical examination on architectural
characteristics of fibrosis [76,77]; however, these investigations are
confined to morphological differences, geometrical and quantitative
evaluation of collagen fibers, that mainly indicate late-stage fibrotic tis-
sues. These advanced techniques are inadequate to monitor the pro-
gression of the fibrotic tissue formation in a molecular manner [78].
Here, RMS can be installed on an intraoperative scope to assist clinical
evaluation of pathologies [79,80]. Our results and the identified spectral
biomarkers for fibrotic alterations and cellular polarization encourage
follow-up studies to implement label-free, non-invasive and real-time
monitoring of capsular progression after implantation.

6. Conclusion

Raman imaging and microspectroscopy were shown to specifically

identify and characterize FBR Is two b ial pouches, vali-
dated by c ional histological dards. Herein, we showed that
RMS bined with iate is can provide marker-
independent and molecul ive hods to characterize and visu-
alize ECM p in tissue les and di: ish a fibrotic capsule

from normal tissue according to compositional differences in Col I
spectra. This is the first study applying RMS for M1 and M2 macrophage
phenotyping in ex vivo tissues and holds great potential for the future use
of clinical, non-destructive investigation of FBR.
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1. Introduction

Fibrosis is the pathological deposition of connective tissue in an
organ as a result of extracellular matrix (ECM) remodeling and the
excess secretion of collagen type I (COL I). Fibrosis is often caused
by chronic inflammation, which over time, progressively remodels
and replaces the normal tissue, leaving a biomechanically stiff scar.
Stimuli from processes like aging, cancer, autoimmune responses,
infections, foreign body response due to implantation, and repet-
itive tissue damage can lead to chronic inflammation, which is a
main driver of fibrosis [1,2). During fibrosis progression, healthy
tissue is replaced by malfunctioning, stiffening scar tissue resulting
in organ dysfunction and failure. Almost every organ and tissue in
the body can undergo fibrosis [1,2]. In the US, nearly 45% of deaths
are highly related to fibrotic diseases [4,5].

Currently, the clinical evaluation of fibrosis mainly relies on the
evaluation of tissue biopsies by gold-standard histological analy-
ses (H&E or Masson's trichrome staining), or clinical imaging tech-
niques such as computed tomography, magnetic resonance imag-
ing and ultrasound elastography [6-9]. Potential serum biomarkers
were identified as indicators for fibrotic diseases such as the ra-
tio of alanine aminotransferases and aspartate aminotransferases
for liver cirrhosis as well as metalloproteases for idiopathic pul-
monary fibrosis [10,11]. Nevertheless, these methods mainly allow
the diagnosis of late stage, established fibrotic tissues or they as-
sess the malfunctioning organ that is affected by fibrosis, but they
cannot detect the early onset or progression of fibrosis [12]. Due
to this limitation, proper treatment at an early stage to reduce or
slow down the progress of fibrosis is currently not possible.

The primary ECM protein in fibrotic tissues is COL I, which
makes it a favorable target for diagnosis [13]. Methods to detect
changes in the collagen fiber architecture have been under de-
velopment for decades; however, the results are difficult to cor-
relate due to data disparity [14,15]. Picrosirius red staining (PSR)
was developed for the purpose of characterizing collagen bundles
[16]. In combination with polarized microscopy, qualitative and
quantitative investigation of histological sections can be conducted,
providing information on the thickness and orientation of colla-
gen fibers [17). However, the morphological interpretation espe-
cially from routine histology or histochemistry samples relies on
the clinical experience or knowledge of individual pathologists and
can generate various diagnostic outcomes [18-20]. Another optical
technique, second harmonic generation (SHG), has been employed
for characterizing the architecture of fibrillar collagen [19-21]. SHG
can offer highly specific optical signals for collagens without any
contrast agents or labeling, potentially providing a promising way
to conduct non-invasive fibrosis examination [21]. Nevertheless,
collagen state examination by PSR and SHG is limited to fiber ge-
ometry and morphological changes in the three-dimensional fiber
structure.

Over the years, non-invasive spectroscopic techniques have
gained attention in diagnostic applications [22-25). They are suit-
able for studying molecules based on the interplay between laser
light and the dynamic state of chemical bonds [26]. Raman spec-
tral analysis of COL I alteration has been studied for several years.
Recently, our group used Raman microspectroscopy (RMS) in com-
bination with multivariate data analysis to identify changes in
the sequence of amino acids in COL I of aortic aneurysms [27].
Moreover, RMS has also been used to investigate fibrotic capsules
caused by an implantable therapeutic reservoir on streptozotocin-
induced rats, demonstrating the capability of RMS to discriminate
the existence of advanced glycation end-products in COL I in dia-
betic animals [28]. RMS has further been successfully implemented
for detecting changes in collagen deposition during pathological
transformation. Quantification of collagen content was employed
to monitor the effectiveness of chemotherapy [25,29,30], diagno-
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sis and characterization of various types of cancer including breast
[31], prostate [32], and ovarian [33] cancer, and to monitor cancer
progression [22,34]. RMS holds great potential for molecularly dif-
ferentiating between collagens, particularly in tissues where con-
nective tissue is dominant and the differentiation between fibrotic
and native collagen fibers is difficult using traditional diagnostic
methods. Its non-invasive nature makes it a valuable alternative
to invasive biopsies or other imaging modalities, offering a more
accessible and convenient option for patients. In combination with
multivariate analysis and classification algorithms, RMS has the po-
tential to provide an automated diagnosis and support pathologists
in challenging cases.

In this study, RMS was employed to screen pathological
collagen-rich regions ex vivo including liver, colon, breast tis-
sue, lymph nodes and myocardium. ECM compositional differences
were identified. COL I spectra were extracted and underwent spec-
tral deconvolution as well as peak-filter and image-based ratio
analysis. This study highlights the potential of RMS to be an pe-
rioperative tool to decipher the molecular alterations of COL I for
fibrosis detection.

2. Materials and methods
2.1. Collection of human tissues samples

Formalin-fixed paraffin-embedded (FFPE) tissues were collected
from patients undergoing medically needed surgery at the Univer-
sity Department of General, Visceral and Transplant Surgery, Uni-
versity Hospital Tiibingen, and the University of California, Los An-
geles (UCLA). Samples were collected after informed consent was
obtained. The study was approved by the local ethical committees
at UCIA and the University Hospital Tibingen (IRB 177/2014B04)
Various fibrotic pathologies of different anatomical regions were
analyzed, including liver lobules and portal triads, colon, breast,
lymph node and myocardium. Non-fibrotic tissues from respective
organs served as controls. A detailed overview of selected tissue
samples and how samples were obtained is provided in Table 1.
Serial 10 pm cross-sections of the tissues were prepared using
a microtome (MICROM HMS560, Thermo Scientific, Waltham, MA,
USA).

2.2. Deparaffinization

FFPE tissue sections were deparaffinized using a modified pro-
tocol where samples were subjected to a thermal treatment at
60°C for 10 minutes, followed by three sequential incubations in
xylol for 10 minutes each. The samples were then incubated in a
series of ethanol solutions with progressively lower concentrations.

2.3. Masson's trichrome staining

Pathologists evaluated all tissues and confirmed the positions of
fibrotic areas based on routine Masson’s trichrome staining. Tissue
sections were stained using an automated slide stainer Tissue Tek
Prisma (Sakura, Finetek, USA) following the manufacturer's proto-
col
24. Movat's pentachrome staining

FFPE sections were deparaffinized. A modified Movat's pen-
tachrome staining was performed as previously described [35,36].

2.5, Picrosirius red staining

Collagen maturity and directionality analyses were performed
via polarized imaging of PSR First, Weigert's hematoxylin
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Table 1
Disease origin of included samples,
Tissue type Sample 1 Sample 2 Sample 3
Liver lobules & Control; liver segmentation Control; liver segmentation Control; liver segmentation
portal triads Hepatocellular carcinoma and liver cirrhosis ~ Hepatocellular carcinoma and liver cirrhosis  Liver cirrhosis associated to biliary atresia

Colon submuccsa

Breast connective
tissue

Lymph nodes

Myocardium

(Ishak score 6/6): liver segmentation
Control; hemicolectomy

Crohn's disease; ileocecal resection
Control; breast reduction surgery

Marked fibrocystic changes and duct ectasia
of the breast: surgical breast biopsy
Control; tonsillectormy

Nodular sclerosis classical Hodgkin
lymphoma; lymph node biopsy

Control; orthotopic heart transplantation
Dilated cardiomyopathy; orthotopic heart
transpl

(Ishak score 6/6); hepatectomy

Control; intestine resection

Crohn’s disease; hemicolon resection
Control: mastectomy

Sclerosing adenosis; surgical breast biopsy

Control: tonsillectomy
Nodular sclerosis classical Hodgkin

lymphoma: lymph node biopsy
Control: orthotopic heart transplantation

Dilated cardiomyopathy: orthotopic heart

(Ishak score 5/6); Iiver biopsy
Control; intestine resection
Crohn's disease; ileocecal resection
Control; breast reduction surgery
Extensive ductal carcinoma in situ;
mastectomy

Control; tonsillectomy

Nodular sclerosis classical Hodgkin
lymphoma; lymphadenectomy
Control; orthotopic heart

Dilated cardiomyopathy; orthotopic heart

transp

(Waldeck) was utilized to stain the nuclei of deparaffinized sec-
tions for 8 mins and washed with tap water for 10 mins. The sec-
tions were then treated with 0.1% picrosirius red solution (Mor-
phisto, Frankfurt/Main, Germany) for 60 min. After treatment, the
tissues were washed with 0.5% acetic acid and 100% ethanol. The
picrosirius red-stained sections were imaged by polarized light mi-
croscopy (Axio Observer, Carl Zeiss Microscopy GmbH, Oberkochen,
Germany) at 40x magnification followed by Image] (Fiji version
2.0.0) processing. The images were transferred to RGB colors. To
acquire the area percentages of red and orange (mature colla-
gens), as well as yellov and green (immature collagens) signals,
the thresholds were adjusted as follows: red (1-13, 230-256), or-
ange (14-25), yellow (26-52) and green (53-110). The directionality
analysis was conducted via Image ] by using the plugin “Direction-
ality". In brief, the method of Fourier components with histogram
angles from -90 to 90 degrees were applied to every 32-bit im-
ages. Non-parallel fibers were expected to show a flat histogram
with various direction; while fibers with similar orientation pro-
vide peaks with similar values, representing specific angles on the
direction in the histogram [37]. The plugin “Orientation]” was used
to define fiber coherency. Orientation] evaluates the local orienta-
tion of every pixel of an image by a structure-tensor approach. Co-
herency is calculated as the ratio between the difference and the
sum of tensor eigenvalues [38]. Entire images were analyzed and
similar settings were used from other literature [15].

2.6 Immunofiuorescence staining

The tissue sections underwent antigen retrieval with Tris-EDTA
buffer (pH 9, 0.05%) and citrate buffer (pH 6) followed by treat-
ment of goat serum block solution (2%). Afterwards, the tissue sec-
tions were incubated overnight with the following primary an-
tibodies: mouse IgG2a monoclonal anti-o¢ smooth muscle actin
(@SMA) (2*10-2 g/L; Sigma-Aldrich), rabbit polyclonal anti-collagen
type 1 (6.6*10-3 g/L; Acris, Herford, Germany). Secondary antibod-
ies were AlexaFluor 594-conjugated goat anti-mouse (4*10-3 g/L,
Thermo Fisher Scientific Life Technologies) and AlexaFluor 488-
conjugated goat anti-rabbit (4*10-3 g/L; Thermo Fisher Scientific
Life Technologies ). Lastly, Drag5 (5 ;tM; BioLegend, San Diego, USA)
was applied on the sections for 15 mins to stain the nuclei. The im-
munofluorescence (IF)-stained sections were imaged via confocal
laser scanning microscopy (LSM 880, Carl Zeiss Microscopy GmbH)
with a QUASAR detector. To gain the emission spectrum of the sig-
nals, an excitation wavelength of 800 nm was utilized to excite flu-
orochromes. Several channels representing specific wavelengths of
the emission spectra with the range from 406 - 670 nm were cre-
ated via Lambda stacks (9 nm intervals). Every spectral image was
coupled with linear unmixing, Regions of interest were indicated
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by a pathologist based on pathological examination of the Mas-
son’s trichrome staining.

2.7. Raman microspectroscopy and Raman imaging

RMS measurements of tissues were performed on a customized
confocal Raman microspectrometer (WITec alpha 300 R, Ulm, Ger-
many), equipped with a 532 nm laser and a CCD camera as de-
scribed before [39]. For all scans a spectrograph with a grating of
600 g/mm was chosen for spectral detection. The human tissues
were deparaffinized and kept humid with PBS during the entire
measurement procedure to prevent sample dehydration and burn-
ing. Raman maps were measured utilizing a 63x Apochromat water
dipping objective (NA. 1.0; Carl Zeiss Microscopy GmbH). For each
tissue section, Raman maps (n = 3) were acquired for an area of
100 x 100 pm and at a spatial resolution of 1 pm/pixel. The laser
power was set to 50 mW at an integration time of 0.05 s per spec-
trum for all measurements. Reference spectra of @SMA, COL I, COL
11 were acquired based on IF images of colon.

2.8 Spectral analysis

With the software WiTec project 5 (WITec GmbH, Ulm, Ger-
many), all Raman maps were subjected to cosmic ray removal,
polynomial baseline correction, cropping to 400-3000 cm-! and
area intensity normalization. With True Component Analysis (TCA),
Raman scans were decomposed into spectral components as de-
scribed previously [40,41). TCA is a statistical technique that in-
volves the use of a linear combination of spectra or components to
describe each pixel in an image. This allows for the separation of
different spectra that may be present in the image, and the identi-
fication of the materials or substances present based on the unique
spectral patterns of the components [42]. Different types of colla-
gens (COL I, COL 111, COL IV), nuclei, @SMA, and paraffin were iden-
tified as major spectral components and localized in their corre-
sponding intensity distribution in heatmaps resulting in false color-
coded Raman images. TCA was employed to eliminate localized
paraffin signals from the Raman images, thereby precluding any
interferences in the subsequent analyses. Based on TCA heatmaps,
spectral information (600 spectra/sample) representing COL | was
extracted for further in-depth analysis of the molecular composi-
tion by PCA using Unscrambler X10.5 (Camo, Norway )\

2.9 Spectral deconvolution

To gain information of peak width and peak area of the sub-
structural bands of the amide 1 region (1550-1720 cm~!), spectral
deconvolution was performed with the software WiTec project 5
(WITec). Prior to deconvolution, collagen maps were extracted from
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the Raman data. Collagen maps were then cropped to the amide
region before normalization of the peak at 1667 cm~" to 1. The fit-
ting region was set between 1508 and 1780 cm-!. The initial posi-
tion of peak calculations was set to 5 wavenumbers based on the
shape of the amide I region located at 1565, 1588, 1608, 1637 and
1667 cm~! and information obtained from literature [43). For spec-
tral deconvolution, the Lorentz fitting algorithm was chosen, with
a maximum number of iterations of 1000, while fitting five func-
tions with the shape

yoiA__w
T (x—x0)2 +w?
where w describes the width and A the area of the peak. The ac-

curacy of each fit is evaluated with adjusted R? values, which is
calculated as,
(1-R)n-1) @
n-k-1)

where n is the number of points in the data sample and k is the
number of variables in the model [43,44]. Information about peak
width and peak area was extracted for further analysis. Addition-
ally, peak intensity ratios of mean collagen spectra were calculated
by division of the maximum amide | peak at 1667 cm-! by the
intensity at 1608 cm~'.

y (1)

Risgy =

210 Raman image ratio analysis

To obtain information about the peak ratios of all the individual
collagen spectra within one Raman map, maximum intensity filter
images of collagen maps were generated with the software WiTec
project 5. Sum filter images were acquired at 1667425 cm—'and at
1608+10 cm-!. Next, image ratios of both filter images were cal-
culated before exporting them to MatLab 2019b. The resulting im-
ages contained the value of the peak ratio for each specific pixel
position. Filter images were subjected to histogram analysis, in
which the distribution of all ratios is represented. Ratios were then
rounded to integers before mode analysis.

211. Data (lassification

Raman spectra were classified using linear discriminant analy-
sis from the open-source Python scikit library [45] and a simple
neural network from the open-source Keras and TensorFlow API
(Google Brain). The neural network used the whole spectral finger-
prints of the Raman spectra for classification. Raman spectra were
classified into one of the two classes: control and fibrosis. The fully
connected neural network model consists of seven layers. The in-
put layer is a dense layer with 250 hidden units and ReLU (Recti-
fied Linear Unit) activation. The second layer is another dense layer
with 1000 hidden units, while the third layer is a dropout layer
with a rate of 0.75 used to prevent overfitting. The fourth layer is a
dense layer with 500 hidden units, while the fifth layer is another
dropout layer with a rate of 0.25. The sixth layer is a dense layer
with 62 hidden units. Finally, the seventh layer is a dense layer
with 2 units and softmax activation for binary classification. The
activation functions used are mainly ReLU and one sigmoid func-
tion in the last layer for probabilistic output values. The optimizer
used is Adam [46] with a learning rate of 0.001. With a batch size
of 128, the model trained for 100 epochs and a train validation test
split of 0.6, 0.2, 0.2 is applied.

212. Statistical analysis
Statistical comparisons were performed from a minimum of

three independent controls and fibrotic patient samples per organ.
Statistical analysis was performed using GraphPad Prism version
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9.00 (GraphPad Software). Results are shown throughout the entire
manuscript as mean =+ standard deviation. All n-numbers, applied
tests, and corresponding significance for each result are listed in
the figure legends.

3. Results
3.1 Histological staining indicates the presence of fibrotic lesions

Fibrosis is characterized by excessive formation of connective
tissue. As collagen is the main component of connective tissue,
increased collagen (mainly COL I) accumulation is an indicator of
fibrotic lesions. Thus, both Masson's trichrome staining and Mo-
vat's pentachrome staining are gold standards for histopathological
identification of fibrosis in patient biopsies by visualization of col-
lagen fibers. In this study, control tissues of liver hepatocytes, liver
portal triads, colon, breast connective tissue, lymph nodes and my-
ocardium were compared to fibrotic pathologies of their respective
organ to identify structural and molecular fibrosis patterns in col-
lagen fibers (Fig. 1). Details on investigated tissue samples are pro-
vided in Table S1.

Masson’s trichrome staining identified major differences in col-
lagens between control and diseased samples. Liver tissues showved
hepatic lobules (Liver lob) with small amounts of collagens de-
picted in blue. In the vertices of the lobes (Liver pt), collagen
formations surrounding the proper hepatic artery, hepatic portal
vein, bile ducts, lymphatic vessels and branches of the vagus nerve
were found. In contrast, cases with liver hepatocellular carcinoma
(Ishak score 6) demonstrated an increased amount of collagen that
formed collagen bridges between two or more portal triads. The
layer of the colon submucosa located between the mucosa (tu-
nica mucosa) and smooth muscle (tunica muscularis) was the focus
of the colon sample comparison. Control tissues were compared
to samples from patients suffering from Crohn’s disease. The dis-
eased sample showed a significant amount of fibrosis and swollen
colon tissue when compared to controls. The control breast tissues
consisted of varying amounts of fibrous and adipose tissue, and a
ductal-lobular secretory system. Masson's trichrome stain identi-
fied a large amount of collagen fibers in the control and diseased
tissue. Ductal carcinoma, a precancerous invasive breast lesion,
were stained showing a similar extent of collagen when compared
to the control. Reactive lymph nodes showed reactive follicles and
connective tissue septa. Nodular sclerosis classical Hodgkin tym-
phoma samples were used as the diseased tissue which showed a
partial effacement of the nodal architecture with presence of dense
collagen bands highlighted by Masson's trichrome staining. Dilated
cardiomyopathy samples were compared to control myocardium,
which showed significant interstitial collagen infiltrations in the
diseased samples. Movat's pentachrome staining provided further
information on the composition of the tissues. In consecutive Mo-
vat's pentachrome images (Fiz. 1b) nuclei and elastic fibers were
stained in black, while fibrin and muscles were stained in red. Col-
lagens and reticular fibers were stained in yellow and mucins in
blue to green. Like shown with Masson's trichrome staining, Mo-
vat's pentachrome-stained samples allowed for the identification of
fibrosis based on the amount of collagen. Nevertheless, both stains
were unable to discriminate between the different types of colla-
gens and were difficult to quantify due to color overlays.

3.2. Collagen fiber density and orientation differs across tissue types

To determine if collagen fiber orientation is a robust readout
when differentiating between control and fibrotic tissues, polar
ized light images of PSR-stained tissue sections were obtained ac-
cording to their birefringent characteristics. PSR images of control
and fibrotic conditions of all examined tissue types were analyzed
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(Fig. 2a). Quantification of red and green collagens revealed differ-
ences between control and fibrotic tissues; however, there was no
fibrosis-specific trend observed throughout the different tissue ori-
gins (Fig. 2b). According to the calculated ratios, liver hepatocytes
and liver portal triads, green collagen fibers prevailed the controls
with a shift to red fibers in a fibrotic state (control liver lob: 0.72
arb. u. + 0.03 arb. u.; fibrotic liver lob: 0.46 arb. u. + 0.05 arb. u.;
p < 0.0001; control liver pt: 0.21 arb. u. & 0.18 arb. u.; fibrotic liver
pt: 0.11 arb. u. & 01 arb. u.; p = 0.0471). In breast tissue (con-
trol: 0.01 arb. u. &+ 0.01 arb. u.; fibrosis: 0.07 arb. u. &+ 0.10 arb.
u.; p = 0.0112) and lymph nodes (control: 0.45 arb. u. + 0.28 arb.
u.; fibrosis: 0.81 arb. u. + 0.06 arb. u.; p < 0.0001), more green
collagen fibers were observed in the fibrotic state compared with
the controls. In colon (control: 0.09 arb. w + 0.05 arb. u.; fibro-
sis: 0.08 arb. u. £+ 0.05 arb. u.; p = 04982) and myocardium (con-
trol: 0.26 arb. u. + 0.14 arb. u.; fibrosis: 0.29 arb. u. + 0.03 arb. u.:
p = 0.6117), no significant differences were found when comparing
the contribution of red to green collagen fibers.

Collagen fiber alignment was assessed by histograms of fiber
orientation. Histograms of collagen fiber direction in control tissues
displayed an even distribution on different angles in liver hepato-
cytes, breast, lymph node and heart, indicating a non-aligned col-
lagen network (Fig. 2c) In liver portal triads and colon, the his-
togram shifted to a parallel alignment due to naturally structured
collagen fibers. In fibrotic collagens, a shift from randomly dis-
tributed orientations in controls to a more parallel alignment was
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found in all tissues except for breast, where most of the fibers
were at a similar angle in the histograms (Fig. 2d). The quantifi-
cation of fiber alignment was performed by coherency analysis
indicating the overall percentage of collagens that were parallel
aligned (Fig. 2e). The only statistically significant changes in co-
herency were found in the collagens of lymph nodes (control: 3.2%
+ 0.3%; fibrosis: 11.3% + 3.9%; p = 0.0406), while a similar ten-
dency was observed in liver portal triads (control: 36.5% + 0.2%;
fibrosis: 27.8% + 5.9%; p = 0.4951) and myocardium (control: 9.2%
+ 3.5%; fibrosis: 17.2% + 7.0%; p = 0.2201). All other tissues did
not show statistically significant alterations in the degree of paral-
lelism.

3.3. Raman imaging enables marker-independent visualization of
tissue structure states

PSR and histological analyses were not robust enough to deter-
mine fibrotic collagen fiber alterations throughout the different tis-
sue types and were not specific for collagen subtypes. Therefore, IF
staining and marker-independent RMS were performed to identify
and localize COL I and other proteins. IF staining was performed to
compare and evaluate the performance of Raman imaging for the
identification of distinct tissue structures as well as for the distri-
bution of ECM components in the liver, colon, breast, lymph node
and myocardium tissues. IF staining was applied to identify COL
I (yellow), ®SMA (red), and nuclei (blue) in all tissues (Fig. 3a).
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Throughout tissue origins and disease stages, different COL | mor-
phologies were observed. IF staining of control liver hepatocytes
demonstrated evenly distributed COL l-composed fibers in circular
shape, while in fibrosis, the amount of COL l-composed fibers was
slightly increased (Fig. 3b). Apart from COL I, @SMA which is an
indicator of mature myofibroblasts, also plays a vital role in ECM
remodeling and fibrosis [47]. In hepatocytes, @ SMA was randomly
distributed in the control tissues, while being colocalized with COL
1 in tissues affected by fibrosis (Fig. 3a) In the portal triads of the
liver, a dense network of COL I was visible in the controls, which
increased significantly in fibrosis (Fiz. 3b) (control: 0.10 arb. u. +
0.01 arb. u.; fibrosis: 0.24 arb. u. £+ 0.05 arb. w.; p = 0.0246). Both
control and fibrosis samples of portal triads showed a colocaliza-
tion of aSMA with COL I (Fig. 2a) In healthy colon, COL I was
distributed throughout the connective tissue, while in the fibro-
sis samples, although still being distributed throughout the con-
nective tissue, COL | appeared to be embedded particularly be-
tween aSMA-positive myofibroblasts. A dense network of COL |-
expressing fibers was present in both control and fibrotic breast
tissue with no change in the amount (Fig. 3b), whereas aSMA-
expressing cells were not detected. No visible differences were
identified in control breast tissue compared to fibrosis. In IF im-
ages of control lymph nodes, COL I was distributed throughout the
tissue (Fig. 3a), slightly increasing in lymph nodes with classical
Hodgkin Lymphoma (Fig. 2b) (control: 0.18 arb. u. + 0.09 arb. u.;
fibrosis: 0.27 arb. u. + 0.06 arb. u.; p = 0.2284) Neither group
showed aSMA. In control myocardium, as expected, very little COL
1 expression was visible, while in fibrotic myocardium an increased
amount of parallel aligned COL I fibers was detected (Fig. 3a,b)
(control: 0.12 arb. u. + 0.05 arb. u.; fibrosis: 029 arb. u. + 0.15
arb. u.; p = 0.2003). Interestingly, no @SMA staining was identified
in control or fibrotic myocardium.

To characterize the tissue composition of the control and fi-
brotic samples non-invasively and marker-independently, Raman
imaging was performed (Fig. 3c). Large area scans of the regions of
interest were analyzed by TCA. The mathematical model identified
five major cellular components identified in all tissue types. TCA
allowed the visualization of the tissue substructures as false color-
coded intensity heatmaps in which each color represented the best
fit to one of the identified molecular signatures.

Evaluation of the individual peaks of the fingerprint regions of
the Raman spectra (Fig. 3e) in combination with the morphology
of the structures allowed the identification of correlating molecular
assignments and biological origin. Nuclei (blue) were identified by
pronounced peaks at 798 and 1096 cm-!, indicators for PO2— oc-
curring in DNA [48]. COL I (yellow) was assigned to the character-
istic peak pair at 855 and 936 cm~"! indicatives for proline [49,50].
The collagen type IV (COL IV, pink) Raman spectra shared many
spectral features with COL I; however, it showed an increased sig-
nal intensity at 1312 cm~!, 1335 cm~!, and 1398 cm~!, which are
representatives for CH3/CH2 twisting or wagging modes as well
as changes in CH2 deformation [49-51]. Additionally, the band at
1002 cm~!, which is a representative for phenylalanine (Phe), was
increased in COL IV as reported before by Nguyen et al [52]. Col-
lagen type III (COL IlI, turquoise) shares many spectral features
with COL I; however, it differed in the amide Il region by slightly
shifted peaks from 1245 to 1248 cm~! as previously reported [53].
Furthermore, changes in CH2 and CN were found by a band occur-
ring at 1296 cm~! and increased intensities at 1123 cm—! [49,54).
Compared to COL I, the peak pair at 855 and 936 cm-! dropped
in intensity in all other collagen types. The spectral assignments to
@SMA (red) were based on in-house Raman measurements, which
had been acquired and validated by co-localization of the IF sig-
nal (Supplementary Fig. S1a) The Raman spectrum of @SMA is
mainly distinguished from the Raman spectra of the different col-
lagen types by the shape of the amide I region. In the aSMA Ra-
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man spectrum, the maximum of the amide | peak is relocated
from 1667 cm~! to 1602 cm~', wavenumbers which represent C-
N bonds [55]. In general, TCA images showed similar morphologi-
cal features as IF images, indicating the potential of Raman spec-
troscopy being utilized to image tissues non-invasively. Quantifica-
tion of the amounts of COL I (Fig. 3d) based on Raman maps solely
containing COL | information showed similar results as IF quan-
tification. While there were no observable differences between the
control and fibrotic tissues in regard to the amount of COL I in hep-
atocytes (control liver lob: 0.03 arb. u. &+ 0.01 arb. uw.; fibrotic liver
lob: 0.04 arb. u. + 0.01 arb. u.; p = 0.3203) or colon (control: 0.10
+ 0.06 arb. u.; fibrosis: 0.23 arb. w + 0.08 arb. u.: p = 0.6993),
the portal triads of the liver showed a slight increase in fibrotic
COL I (control liver pt: 0.17 arb. u. + 0.04 arb. u.; fibrotic liver pt:
0.28 arb. u. &+ 0.14 arb. u.; p = 0.3073). Further, and similar to the
IF imaging, in fibrotic lymph nodes the amount of COL I was in-
creased in comparison to the controls (control: 0.10 arb. u. + 0.06
arb. u.; fibrosis: 023 arb. u. + 0.08 arb. u.; p = 01335). A sta-
tistically significant increase was identified in fibrotic myocardium
(control: 0.10 arb. u. &+ 0.01 arb. u.; fibrosis: 0.49 arb. u. = 0.04 arb.
u.; p = 0.0002).

3.4. Fibrotic COL I alterations are identified by Raman analyses at
wavenumber 1608 cm-!

In addition to the image-based characterization of tissue pat-
terns, in-depth analysis of the underlaying Raman spectra allowved
a molecular-sensitive analysis of tissue structures. For further anal-
ysis of collagen fibers from several human tissues, COL I spectra
were extracted from large area scans and processed as single or
averaged spectra. These Raman spectra were cropped to the fin-
gerprint region (600-1800 cm-!) and peak normalized to 1 for
better comparability (Fig. 4a). To determine the sensitivity of Ra-
man spectroscopy to distinguish between control and fibrotic COL
1, 200 single spectra per sample were analyzed by principal com-
ponent analysis (PCA). Comparison of PC score values (Supplemen-
tary Fig. S1b) demonstrated trends of separation in PC-2 and PC-3,
both mainly explained by shifts in loadings plots (Supplementary
Fig. S1c) at the amide I region (1550-1720 cm~), containing infor-
mation about the secondary structure of proteins. The secondary
structures of collagens were mainly c-like helices, B-sheets, B-
turns and random coils (disordered) [56,57].

In addition, LDA and neural network-based classification were
utilized to classify the Raman data into one of the two groups
control or fibrosis. Supplementary Table S1 shows the classification
results with the performance parameters accuracy, sensitivity, and
specificity for the LDA, and neural network trained with the entire
RMS data. We observed that compared to LDA, the utilization of
neural networks resulted in an improvement in classification per-
formance. Specifically, LDA yielded an accuracy of 62%, a sensitivity
of 60%, and a specificity of 64%, while the utilization of neural net-
works resulted in an accuracy of 71%, a sensitivity of 64%, and a
specificity of 72%.

For a detailed analysis of the secondary structure of COL I, spec-
tral deconvolution of the amide I peak of averaged control and
fibrotic COL | Raman spectra was utilized to separate the broad
band into five underlying peaks. The sub-band number and loca-
tions were chosen based on the shape of the amide | peak in av-
eraged COL | Raman spectra (Fig. 4b) and according to literature
[43]. Fig. 4c and d display the amide | region of control and fibrotic
liver portal triads with underlying sub-bands calculated by spectral
deconvolution. Spectral deconvolution allowed the analysis of the
width and area of sub-peaks occurring at 1562 cm—!, 1588 cm—!,
1608 cm-', 1637 cm~! and 1667 cm~! which are assigned to tryp-
tophan, phenylalanine, and tyrosine, S-sheets as well as S-turns.
The adjusted R2 values were above 0.995 for all the deconvolu-



JID: ACTBIO [m5G;March 22, 2023,16:15]

L Bedke, C-E, lu, A Mantes-Mojarro et al, Acta Biomaterialia xxx (oex) xx
a COL I Liver pt - fingerprint b COL I Liver pt - amide |
7 — Contrd
=~ Fibrosis
T T T T 1
1000 1500 1500 1550 1600 1650 1700 1750
Raman shift cm™'] Raman shift [cm™"]
c Sdc COL | Liver pt - control d Sdc COL | Liver pt - fibrosis
1.0 Aide |
3 Fisog
3 1582¢em™: Tp
205 * 1588cm’": Phe
g 1608 cm' ' Phe/Tyr
e 1637 cm™': p-Sheet
0.0 < i or ©= 1687 em™: B-Tums
1550 1600 1650 1700 1750 1550 1600 1650 1700 1750
Raman shift [cm’'] Raman shift [cm™]
€ SucLivernep Sdc Liver pt Sdc Breast Sde Lymph Sdc Cardiac
30

1mem‘[podwn]
3

mcem [po-(lnl]

1608 e [peak aren)
s 8

30 30
20 20
z %
ns .
10 B0 ** E1 _ E10
0 "o

. . L& LS

Sdc Colon Sdc Breast Sdc Lymph Sdc Cardiac

] 40 o 40 40 ns 40 -

- P - ———l
gso §3o gso gao § 30
_120 _gzo gzo ;ao _3. 20
§ 10 E10 § 10 5 10 § 10
g g 8 g 8

0

0 0 0 0 0
&
Fig. 4. Spectral decorvolution (Sdc) of the amide I region from averaged COL I Raman spectra display a similar separation between control and fibrosis through all tissue
lypes(a)Rammﬂwmd(omulmdﬂbmncCOLlollverpomluud.(b)mdelnponofcontrdmdﬂbm(lcml.ldllla'pomlmaimesmda:lmunes
Spectral d i of the amide I band from (c) control and (d) fibrotic liver portal triad, The averaged amide 1 band is shown by a
black soud lkne and sub-bands at 1562, 1584, 1639 as wdll as 1667 cm~" are labeled in grey (solid line, dashed, dotted, dash-dot), while the sub-band at 1608 cm~! is marked
in red, The fitted amide I band is visualized by a blue solid line, (e) Peak area at 1608 cm~! calculated based on spectral deconvalution of amide I area of averaged COL I
spectra from control and fibrotic tissue show similar separation through all tissue types, (f) Peak width at 1608 cm! calculated based on spectral deconvolution of amide 1

area of averaged COL | spectra from control and fibrotic tissue show similar separation through all tissue types, Statistical analysis; t-test, n = 3, *p < 0,05, **p < 001, (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article,)

83



JID: ACTEIO
L Becker, C-E, Lu, A Mantes-Mojarro et al,

tions, indicating sufficient fitting accuracy. Area and width of the
subpeaks at 1588 cm~!, 1608 cm~! and 1637 cm~! were subjected
to statistical analysis. While in peak areas at 1588 cm-! there was
a statistically significant increase in fibrotic liver hepatocytes, this
increase was inversed in breast tissue samples (Supplementary Fig.
S2a). All other tissue types did not show any statistical separation
between the control and fibrosis samples. Similar statistical differ-
ences were found in the peak width at 1588 cm~! (Supplemen-
tary Fig. 2b). Peak analysis of the subpeak at 1637 cm-! did not
show any statistically significant difference in all examined tissues
in both peak area (Supplementary Fig. S2c¢) and peak width (Sup-
plementary Fig. S2d). However, analysis of the calculated peak area
of the subpeak at 1608 cm-! (Fig. 4e) showed a statistically signif-
icant increase in the liver tissues (control liver lob: 82 arb. u. +
2.3 arb. u.; fibrotic liver lob: 21.5 arb. u. + 3.2 arb. u.; p = 0.0085;
control liver pt: 5.7 arb. u. + 2.5 arb. u; fibrotic liver pt: 11.5 arb.
u. = 0.4 arb. u.; p = 0.0313). In colon, the clear tendency of an in-
creased peak area was identified between control and fibrotic tis-
sues (control: 8.2 arb. u. + 2.3 arb. u.; fibrosis: 215 arb. u. + 32
arb. w.; p = 0.0774). For COL I in the connective tissue from hu-
man breast tissues, spectral decorwolution showed a statistically
significant increase in intensity in fibrotic cases for the band at
1608 cm-! (control: 1.7 amb. u. £ 0.5 arb. u.; fibrosis: 4.8 arb. u.
+ 02 arb. u.; p = 0.0012). An increased peak area at 1608 cm~!
was also seen when comparing COL I in control and fibrotic lymph
nodes (control: 2.4 arb. u. £+ 0.9 arb. u.; fibrosis: 5.6 arb. u. + 1.9
arb. u.; p = 0.0977). We further observed a statistically significant
increased peak area at 1608 cm~! in the fibrotic myocardium (con-
trol: 5.1 amb. u. £ 0.5 arb. w.; fibrosis: 9.0 arb. u. + 07 arb. u.;
p = 0.05).

In addition to peak areas, spectral deconvolution also enables
the calculation of the width of the underlying peaks (Fig. 4f). In all
analyzed tissues, statistically significant increases in peak widths
were observed in fibrotic COL I compared to control tissue.

As a third parameter of the subpeak at 1608 cm-!, we cal-
culated the peak intensity ratio to the maximum of the highest
amide I subpeak located at 1667 cm~! (Fig. 5a). A statistically sig-
nificant decrease in the peak ratio was identified in fibrotic liver
hepatocytes and breast tissues (control liver lob: 2.2 arb. u. + 0.3
arb. u.; fibrotic liver lob: 1.3 arb. w + 0.3 arb. u.; p = 0.0252; con-
trol breast tissue: 3.5 arb. w + 0.9 arb. u.; fibrotic breast tissue: 2.9
arb. u. + 0.2 arb. u.; p = 0.0136). Similar tendencies were demon-
strated for the fibrotic tissues of liver portal triad (control: 2.5 arb.
u. + 0.5 arb. u.; fibrosis: 1.7 arb. u. &+ 0.3 arb. u.; p = 0.1543), colon
(control: 2.330 arb. u. + 0.1 arb. u.; fibrosis: 2.7 arb. u. + 0.3 arb.
u.; p = 0.1194), lymph nodes (control: 3.6 arb. w + 0.6 arb. u.;
fibrosis: 2.2 arb. u. + 0.8 arb. u.; p = 0.0699) and myocardium
(control: 2.8 arb. u. + 0.1 arb. u.; fibrosis: 2.5 arb. u. + 0.1 arb.
u.; p = 0.0767). In addition to spectral deconvolution, which eval-
uated the amide | band of the averaged COL I spectra from Raman
maps, a sum filter-based image analysis was employed, evaluating
the entity of all COL I spectra of one scan. Here, filter images from
COL 1 maps were created at 1608+10 cm-! and 1667+25 cm~!
and divided by each other to assess the peak ratio per pixel in
each image. The histograms calculated by filter image-based ratios
are displayed in Fig. 5b. Throughout all tissue sections, modes and
percentiles showed shifts to lower values in the fibrotic case com-
pared to control. Analysis of the mode (Fig. 5c) revealed the value
appearing the most frequent in each image, where a high value
was describing ratios with less intense peaks at 1608 cm-!. The
analysis of the modes representing the whole COL I maps indicated
statistically significant differences for liver hepatocytes (control: 7.8
arb. u. + 0.3 arb. u.; fibrosis: 4.9 arb. u. &+ 0.8 arb. u.; p = 0.0099),
liver portal triad (control: 9.3 arb. u. + 0.8 arb. u.; fibrosis: 6.2 arb.
u. + 1.00 arb. u.; p = 0.0243) and breast tissues (control: 9.7 arb.
u. + 0.8 arb. u.; fibrosis: 6.3 arb. u. = 0.9 arb. u.; p = 0.0162).
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Tendencies of separations in modes were found in all other tissue
types such as colon (control: 94 arb. u. + 0.8 arb. u.; fibrosis: 8.3
arb. u. = 09 arb. u.; p = 0.2885), lymph nodes (control: 169 arb.
u. = 2.0 arb. u.; fibrosis: 11.0 arb. u. + 2.9 arb. u.; p = 0.0766) and
myocardium (control: 11.3 arb. w + 1.6 arb. u.; fibrosis: 85 arb. u.
+ 1.8 arb. u; p = 0.1789).

4. Discussion

Fibrosis is one consequence of most chronic inflammatory dis-
orders, and COL I-composed fibers are the main component of a
fibrotic capsule or scar. Early identification of tissue fibrosis fol-
lowed by timely treatment could potentially allow the prevention
or reversal of organ damage [58]; however, besides indirect diag-
nosis due to organ malfunction or failure, the current gold stan-
dard in fibrosis diagnosis is histopathological assessment of colla-
gen fibers in tissue biopsies [59,60]. This invasive biopsy procedure
involves not only time-consuming laboratory work and a poten-
tial observer bias [61,62], it is also only possible at a late-stage
of the disease. Furthermore, especially in collagen-rich tissues, e.g.
the breast tissue, histology-based identification of fibrotic lesions
is limited. Here, trained pathologists need to take morphometric
observations of histologically-stained tissue sections and perform
visual scoring to identify the existence of fibrosis [63]. Clinical di-
agnosis of fibrotic disease might occasionally be determined dif-
ferently due to individual experience and knowledge, causing vari-
ations of diagnosis results. Also, there exists a limitation of deep
collagen fiber characterization, classification, and quantification by
classical stains [64,65]).

In this study, we demonstrated that non-destructive and
marker-independent Raman microspectroscopy and Raman imag-
ing have the potential to detect fibrotic COL I alterations through-
out different tissue origins. Tissues from different human organs
were investigated, including liver, colon, breast, lymph nodes and
myocardium in their respective control stage as well as after
the development of fibrotic morphologies. Conventional histolog-
ical methods were compared to RMS-based approaches. PSR stain-
ing was utilized to distinguish between the alignment of collagen
fibers in the different tissue types [66,67]. Recently, digital-imaging
analysis was used in combination with PSR to evaluate topolog-
ical alternations in collagen fibers and their compactness in or-
der to gain more understating of fibrosis dynamics [68]. Our re-
sults demonstrated that collagen fibers in fibrosis were more fre-
quently aligned in parallel than non-pathological collagen fibers, in
which the alignment was randomly distributed. However, the ex-
tent to which PSR can be relied upon to assess fibrotic collagen
fibers is still controversial. It has been broadly reported that the
color of the fibers demonstrates a certain state of collagens [69].
Although it is still under debate whether the colors of the PSR
are capable of discerning maturity and thickness of the collagen
fibers [70,71], it is believed that in thick/mature collagen fibers,
the interaction with polarized light results in a stronger red bire-
fringence and for thinner fibers in a weaker green birefringence
[72-74]. The strong positive birefringence of collagen fibers is the
result of the superposition of the right-handed superhelix with the
left-handed helix, which comprises the three polypeptide chains,
leading to an alignment of the amino acid chains appraximately
parallel to the molecular axis [72]. Moreover, it is also reported
that green-yellow collagen fibers may represent procollagen, in-
termediate collagen, or Col Ill fibers [66,75,76]). Nevertheless, to
date, the exact indication of the colors in PSR staining with po-
larized light remains debatable and requires complementary vali-
dations such as IF staining. In our study, quantification of the pres-
ence of red and green fibers revealed statistically significant dif-
ferences between the control and fibrosis samples in most tissue
types except colon and heart. However, shifts in the ratio of red
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of the h is displaying the mode, (c) Frequency of

modes from filter image ratio at 1608 cm~' normalized by amide | maximum, Statistical analysis; t-test, n = 3, *p « 0,05,

and green collagen fibers did not show consistency throughout fi-
brotic tissues, showing that even though PSR is widely used in
pathology and histology labs, several abovementioned uncertain-
ties still exist [77]. Furthermore, some studies also revealed the
changes in rotation of the microscope stage can result in color re-
verse, which lacks robustness for both qualitative and quantitative
results [71,78].

IF staining is a powerful tool to detect distinctive signals of
specific proteins, which has been widely used to specify colla-
gen subtypes in fibrotic tissue assessment [79]. Nevertheless, lim-
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ited availability and specificity of primary antibodies, their high
costs, and the need for complex staining procedures (especially
when using archived FFPE material) favors traditional histological
staining as the conventional method for fibrosis diagnosis. Lim-
ited possibility of quantitative analysis is another issue with IF
staining. Autofluorescence from either the tissue itself or the sec-
ondary fluorescence-labelled antibodies can cause variations in im-
age quantification [80]. A main drawback, which is highly relevant
to this study, is that the COL I antibodies are unable to differenti-
ate pathological fibrotic COL I from native/healthy COL I. This limi-
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tation also applies to SHG imaging since this method, although be-
ing non-invasive and marker-independent, does also not allow the
discrimination of the different collagen types [81].

To circumvent the obstacles of routine histological and IF stain-
ing methods, RMS was used to distinguish diseased COL I from
control COL I fibers. Multivariate data analysis tools such as PCA
are a common way to provide detailed information about fibrotic
COL I alteration contributed by minute shifts in Raman spectra
[82]. Nonetheless, in this study, PCA was insufficient to robustly
discriminate fibrotic pathologies throughout tissue origins (Supple-
mentary Fig. S1). Moreover, the utilization of both LDA and neural
networks for the classification of Raman data failed to yield desir-
able accuracy levels. Despite LDA yielding an accuracy rate of only
62% when classifying the Raman data of native and fibrotic COL |
fibers, an improvement to 71% accuracy was observed when utiliz-
ing neural networks (as stated in Supplementary Table 1). The dis-
crepancy in performance could be attributed to the limited sample
size utilized during classification as well as the potential impact of
variations specific to the organ on the accuracy of classification.

By implementing spectral decorvolution of the amide I signa-
ture, information regarding amino acid sequence and secondary
structure of specific protein components can be obtained [83,84].
Through spectral deconvolution on averaged COL | Raman spec-
tra, we were able to demonstrate the correlation of the subpeak at
1608 cm-! in the amide I region to fibrotic COL | fibers regardless
of the origin of the tissue and disease. Compared with the con-
trols, a larger peak width and peak area were found in most of
the examined fibrotic tissues. While these values were statistically
significant for liver, breast tissue, and myocardium, a distinct trend
was seen in the colon and in lymph nodes. We also found statis-
tically significant differences between controls and fibrotic COL I
when comparing histograms and modes of peak ratio images rep-
resenting single spectra of COL I in whole Raman scans. Whereas
other subpeaks at 1588 cm—! and 1638 cm~!, which represent hy-
droxyproline and j-sheet [85], showed no statistical significance
between the control and fibrotic groups. The increase at the Raman
shift of 1608 cm~' in fibrotic COL I can be assigned to the amino
acid tyrosine and its precursor phenylalanine [86,87]. Recent work
from Baumann and Gebauer demonstrated that the primary struc-
ture of procollagens has an impact on the binding affinity of heat
shock protein 47 (HSP47) at the site of the COLI I triple helix [80].
HSP47 has been widely discussed to be a specific chaperon to pro-
collagen, which might play an important role in COL I folding re-
lated to fibrotic diseases [88], making it a potential therapeutic tar-
get for anti-fibrotic drugs. The composition of collagens is mainly
the repeated triplets Glycine-Xaa-Yaa, where Xaa and Yaa can be
any amino acid. Glycine preserves the certain position to maintain
the triple helix structure of collagen [89]. For Xaa and Yaa, pro-
line and hydroxyproline are common representatives at the sites
[90,91]. Nevertheless, Xaa and Yaa can be also replaced by alterna-
tive amino acids such as leucine, arginine, tyrosine or phenylala-
nine, which has been reported to induce different dissociation con-
stants of the binding of procollagen and HSP47 [91]. Baumann and
Gebauer utilized a COL II peptide library to modify new binding se-
quence motifs with phenylalanine, tyrosine, and leucine, showing a
significant decrease in the value of dissociation constant or bind-
ing affinity [80]. Increased binding affinity of HSP47 might con-
tribute to the production and formation of excessive amounts of
collagen ultimately leading to fibrosis [88,92]. The increased inten-
sity in the fibrotic collagen fibers at the Raman shift of 1608 cm-!
might indicate the presence of higher amounts of amino acids with
an aromatic ring (phenylalanine and tyrosine) [87,93]. It is hypoth-
esized that procollagens which contain relatively high amounts of
aromatic amino acids can bind easier to HSP47 than those without
these specific amino acids. Nevertheless, the sequence of fibrotic
COL I requires further investigation to provide proper evidence for
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our findings. An important future direction is to conduct the pre-
sented experiments on more fibrosis-related diseases of further tis-
sue origins and collect more tissues from patients. Additionally, the
proposed workflow of accessing fibrosis via spectral deconvolution
needs to be tested on non-FFPE samples. Successful identification
of fibrosis on fresh tissue would allow direct evaluation of patho-
logic tissue in the surgical room. The identified Raman biomarker
could further enable to identify a fibrotic related origin of diseases
with unknown pathology.

5. Conclusion

This study demonstrates the potential of RMS as a diagnostic
approach to evaluate and identify fibrotic pathologies. We showed
the capability of RMS to discern fibrotic COL I in human fibrotic
tissues via deconvolution of the amide | band, identifying one
specific spectral biomarker robust enough to target fibrotic alter-
ations throughout various tissue origins. This molecular-sensitive
approach enables fibrosis monitoring beyond tissue-specific mor-
phological, quantitative, and qualitative differences in collagen pat-
terns. Although only a selection of fibrosis-related diseases was
evaluated in this study, this procedure could evolve to a future
tool offering pathologists a non-destructive, marker-independent,
and potentially automatable way to conduct fibrosis investigation
without the need of conventional staining procedures.
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{ [Q!S. The move toward a

Advancements in type 1 diabetes mellitus treatments have va roved i
bioartificial pancreas and other fully implantable systems could help restdre ‘patient’s glycemic control. How-
ever, the long-term success of implantable medical de@is often hindeted by the foreign body response.

Fibrous encapsulation “‘walls off”” the implant to the% ng tissue, ing its functionality. In this study
2

we aim to examine how streptozotocin-induce: affects capsule formation and composition
surrounding implantable drug delivery devi implantation in a rodent model. After
2 weeks of implantation, the fibrous capsule s re examined by means of Raman spec-
i lysis. Results revealed no change in mean

troscopy, micro-computed tomography ( ), and histologi:
fibrotic capsule thickness between diz@ d healthy aﬁ as measured by nCT. Macrophage numbers
muscl

(CCR7 and CD163 positive) remained across rue component analysis also showed no quan-
titative difference in the alpha N i cle actin wace]lulm matrix proteins. Although principal com-
ponent analysis revealed signifiearit, secondar &‘a difference in collagen I in the diabetic group, no
evidence indicates an influenc @ brous capsule composition surrounding the device. This study confirms that
diabetes did not have an d le thickness or composition surrounding our implantable
drug delivery device.

Keywords: Qﬂ@htus foreig

response, Raman spectroscopy, micro-computed tomography

Impact Statem

devel effectlve d ry device. We used several approaches (Raman spectroscopy and micro-computed
0gl 1magmg) te a well-rounded understanding of the diabetic impact on the FBR to our devices, which
s igiperative for its cl I translation.

Understa ng the impact ’&‘ a on the foreign body response (FBR) to our implanted material is essential for
al

Downloaded by Mary Ann Liebert, Inc., publishers from www.liebertpub.com at 12/14/21. For personal use only.

egenerative Medicine Institute (REMEDI), School of Medicine, National University of Ireland Galway, Galway,

SFl Research Centre for Advanced Materials and Bioengineering Research Centre (AMBER), Trinity College Dublin, Dublin, Ireland.
Deparlmem of Biomedical Engineering, Eberhard Karls University, Tiibingen, Germany.

Department of Women's Health, Research Institute for Women’s Health, Eberhard Karls University, Tubmgen Germany.

3Cluster of Excellence iFIT (EXC 2180) “Image-Guided and Functionally Instructed Tumor Therapies,” Eberhard Karls University,

Tiibingen, Germany.

SNMI Natural and Medical Sciences Institute at the University of Tiibingen, Reutlingen, Germany.

7ABIEL srl, c/o ARCA Incubatore di Imprese, Palermo, Italia.

8Department of Biomedical Engineering, College of Science and Engineering, National University of Ireland Galway, Galway, Ireland.
“SFI Centre for Research in Medical Devices (CURAM), National University of Ireland Galway, Galway, Ireland.

*These authors contributed equally to this work.

'ORCID ID (https:/orcid.org/0000-0003-2991-1783).

ORCID ID (https://orcid.org/0000-0001-7250-9808).

IORCID ID (https://orcid.org/0000-0001-8066-5157).

ORCID ID (https://orcid.org/0000-0002-4994-9511).

89



Downloaded by Mary Ann Liebert, Inc., publishers from www.liebertpub.com at 12/14/21. For personal use only.

A
HOURS DAYS

@d‘)

Ava

Non-specific serum Immune cell Macrophage classic
protein adsorption inflitration activation (M1)

WEEKS WEEKS WEEKS

-

Fibrous Macrophage fusion:
encapsulation Foreign body
giant cells

S
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stu ly design. (A) Schematic
the FBR to a medical device.
About 100 pm pores were laser
cut into the membrane before de-
vice assemble. (C) Diabetes was
induced using STZ in three animals
14 days before implantation. Four-
teen days after implantation, post-
sacrifice analysis was carried out
on the explanted devices and sur-
Healthy rounding tissue. (D) Three porous
and three nonporous devices were
o i " " subcutaneously implanted in all ani-
“d b '\( 5 G — mals. FBR, foreign body response;
: P THC, immunohistochemistry; SEM,
Post-sacrifice  scanning electron microscope; STZ,
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(Fig. 1D). Devices were secured to underlying muscle
using a suture. The incision was closed with braided sutures.
On day 14, devices were explanted en bloc with surrounding
tissue. Tissue blocks were fixed in 4% paraformaldehyde
overnight at 4°C and stored in 1 X phosphate-buffered so-
lution (PBS).

Micro-computed tomography

One porous and nonporous device per animal were selec-
ted for pCT analysis. Fixed samples were transferred into
2.5% phosphomolybdic acid (PMA) (673400; Hopkin &
Williams) in 70% ethanol to enable visualization of collagen
dense tissues.*® Rat skin was scored before emulsion in the
PMA solution to ensure sufficient uptake of the contrast
agent (7 days). High-resolution scanning was performed on
a Scanco Medical pCT 100 and subsequent dicom files were
analyzed using Mimics research 18.0.525 software (Mate-
rialise). Thresholding of the fibrous capsule was performed
by creating a green mask over the entire sample. Once the
entire length of the device was mapped, a second yellow
mask was created (background mask). A Boolean operation
was performed to create a cyan mask (green minus yellow),
to remove any background from the mask. The mask was
calculated in 3D and a 2.4-2.6 mm circle was cropped fr
the center of the fibrous capsule. An .STL file of this
disk was exported for analysis on 3-Matic software
(Materialise). The fix wizard, a smoothing factor.8), ah-
toremesh, wall thickness analyslﬁ, and segmentati as
performed as previously described.” The wa%ss anal-
ysis function creates a color map of the structed
capsule between 0 and 200 um (green, 1ck)
information is exported as raw thi measureme
which are subsequently preseme age valu

Scanning electron microsc

*
Post-puCT imaging, sa re bisecle ﬁhnally
to create a cross-secti i ing tissue
and further de 2 %ugh a serieSi@
(90% and 10Q g dehydration,

the samp es were, mof
using car%}adheswe tal d
S op Specnmens e

anning El
tron detector (V,

maged using a Hitachi

roscope using a secondary

kV, electron Beam 50). Scan-

e images were stitched together
ountains 8 software.

Tissue processing. One porous and nonporous device
per animal was selected at random. Samples were cut in half
and processed for histological analysis. Tissues were orien-
tated, embedded (Leica wax embedder) and sectioned (7 pm
thick) onto positively charged slides. Slides were depar-
affinized in xylene and brought to buffer through a series of
graded alcohols.

Analysis of macrophage content.  Sodium citrate antigen
retrieval was performed for 30 min at 60°C (10 mM triso-
dium citrate, 0.05% Tween-20). Primary antibody CD68
(1:50; MCA341R; BioRad) was double stained with either

BEATTY ET AL.

CCR7 (1:100; ab32527; Abcam) or CD163 (1:250; ab32527;
Abcam) and incubated for 60 min at 37°C. Secondary anti-
bodies were then applied (Alexa Fluor 594 goat anti-mouse
immunoglobulin G, 1:200; Alexa Fluor 488 goat anti-rabbit
IgG, 1:200) and incubated for 60 min at 37°C. Nuclei were
stained using Hoechst (1:1000). Slides were mounted using
fluormount mounting media and stored at 4°C. Slides were
imaged using a spinning disk confocal microscope (CSU22;
Yokagawa) combined with Andor iQ 2.3 software. Analysis
was performed as previously described by Coulter ef al.**

Polarized light microscopy. The collagen content of the
samples was analysis using picrosirus red staifling. After

rehydration the samples were stained in 0.1 green

(pH 7, Fast Green FCE: Sigma-Aldrich) (3 ed by

0.1% Sirus re ic acid (picro u’l stdin) (60 min)

as prev10u<ly o3 Sampleskg drated, cleared
d

in xylene

ing DP uritipg medium. Images
g an Olym; polarized light mi-
Technolo Dublin, Ireland) at 20 x

’ The p es were positioned on the
e and the second polarizer (an-
ages were taken at 0° and 90° to

um polar The two captured images were mer-
in Image FU rsion 2.0.0) software. Mature and
mmature was calculated by color thresholding b
exclu irk background, as prevmusly described.™
Dom’ on was determined using the Orientation J
ageJ

ﬁ ofluorescence staining.  Antigen retrieval was per-

ed with pH 9 Tris-EDTA buffer (containing 10 mM Tris-

, 1 mM EDTA, and 0.05% Tween-20) followed by pH 6
cmate buffer (10mM citric acid and 0.05% Tween-20). To
minimize the unspecific binding of secondary antibodies, 2%
goat serum block solution was used. Sections were incubated
with one of the following primary antibodies: Rabbit poly-
clonal anti-collagen I (Col I: 1:500; Cedarlane, Burlington,
CA), rabbit IgG1 polyclonal anti-Col III (1:75; Acris, Herford,
Germany) and mouse IgG2a monoclonal anti-alpha-smooth
muscle actin (2-SMA) (1:500; Sigma-Aldrich, St. Louis, MO)
overnight at 4°C. Secondary antibodies were added: Alexa-
Fluor 488-conjugated goat anti-rabbit (1:250; Thermo Fisher
Scientific Life Technologies) was applied to the anti-Col I and
IIT antibodies and AlexaFluor 594-conjugated goat anti-mouse
(1:250; Thermo Fisher Scientific Life Technologies) for the
anti-o-SMA antibody. The 3D immunofluorescence (IF) im-
ages were acquired using a confocal laser scanning micro-
scope (LSM 880; Carl Zeiss Microscopy GmbH, Germany). Z
stack imaging was used and followed by image processing
(Imaris x64 9.5.1; Bitplane, CT). The excitation wavelengths
of the lasers were 594, 488, and 405 nm, corresponding to o-
SMA, Col I and III and DAPI, respectively. To test nonspe-
cific binding of the antibodies, negative controls consisting of
the same tissue samples were stained with only secondary
antibodies. The histogram scale was adjusted to be invisible
for the unspecific fluorescent signal based on the control tissue
staining. The same histogram scale was applied to every
staining section, defining the specificity of the positive signals
of the IF staining. Moreover, RS was utilized to scan the IF
staining sections. The Raman signals showed great correlation
with the IF signals of o-SMA, Col I and III staining and the

91



b.com at 12/14/21. For personal use only.

from www.lieb

h

bli

Downloaded by Mary Ann Liebert, Inc.,

FBR TO AN IMPLANTABLE DEVICE IN A DIABETIC RODENT MODEL 519

0 . . . . 36,3
acqunred spectra were consistent with previous literatures. e

Quantitative analysis of the IF images was performed based
on the volume of each component and normalized by the
whole tissue volume.

Raman spectroscopy. RS was performed with a Raman
microscope (WITec alpha 300 R; WITec GmbH, Ulm,
Germany) equipped with a charge-coupled device camera
(WITec GmbH) to analyze the deparaffinized sections. The
Control Five 5.2 software (WITec GmbH) was utilized to
manage every scanning operation. A green laser (532nm)
with a power of 50 mW was used. Every section was main-
tained hydrated in PBS and imaged with a 63 x objective (W
Plan-Apochromat 63 x/1.0 M27; Carl Zeiss GmbH, Jena,
Germany). The samples were measured as follows: (1) to
obtain the ECM reference spectra, IF-stained sections were
imaged using a green fluorescence filter to localize posi-
tively stained areas as regions of interest for Raman image
acquisition. The spectral information colocalizing with the
pixel of positive fluorescence staining was extracted to gen-
erate the reference spectra. (2) Raman imaging of unstained
sections was performed for each group on defined areas
within the fibrotic capsules, localized in the brightfield mode.
An acquisition time of 0.05s per spectrum and a pixel reso-
lution of 1 x 1 pm were applied to generate the spectral

=

Spectral analysis. The Project Five 5.2 softw.
wavenumber range from 200 to 3000 em™". Auti gi-
nating from cosmic rays were removed. Si ntly, the
graph background was subtracted and t or eve

nt analysi

spectrum was normalized to 1. True,
(TCA) was then exerted to generatéjntensity distribugg
images that assess the loca]izatio reviousl d

reference components. For 1
distribution images for C re
extracted and analyzed i

For qualitative ana he mole sition of
the collagen fibg p componen (PCA) has

ol I spectra (4 800cm ') were ex-
tracted to wyndergo®PCA c cu he Unscrambler X;
CAMO S&aere AS, Oslo; ’ lnterPretauon of PCA
re; ult n described phevidusly.***” Average score

oadings wi comp ed belween implant mate-
and disease 5(

Statistics

Statistics e performed using Prism 8 (GraphPad, La
Jolla, CA) software. Results were presented as mean values +
standard deviation. Unpaired t-tests with parametric and non-
parametric tests were conducted for the comparison between
two groups. One-way parametric analysis of variance tests
were used to compare the four groups in this study. Sig-
nificant difference was only accepted when p <0.05.

Experiment

Fibrous capsule thickness analysis

Visualization of soft tissue structures was permitted by
passive uptake of a contrast agent. Three-dimensional re-
construction of high-resolution scans allowed for thresh-

olding of the fibrous capsule (Fig. 2A). As previously
described by Dolan et al.,’ the region of interest was de-
termined to be the tissue adjacent to the porous membrane
beneath the “‘dome” of the DSR device; capsular measu-
rements were only taken within this region. No significant
change in mean fibrotic capsule thickness was seen across
the groups (Fig. 2B). STZ-induced diabetes did not have an
effect on the capsule thickness compared with the control
(p=0.2350). Subsequently, for additional qualitative anal-
ysis, the samples were bisected in half, processed and im-
aged using a scanning electron microscope (Fig. 2A). A
clear visual representative was apparent, which strengthened
our pCT findings that no change in fibrotic caps ickness
was seen. Histological sectioning for Masso rome
imaging resulted i m sl ht destruction of t sular
area of mleres epresenlauv capsule quan-
titative areas we esent acros ll Flg 2A).

I analyszs

e mac] A ponse to the porous and
devic; ections were stained with a
pan-macrophage m: 68) used in conjuncuon with a

or CD163 aml d imaged at the region of interest

3A). CCRQ 163-positive macroph phages point to-

ard MI and plenotypes, respectlvely As shown
1 (CCR7) and M2 (CD163) to CD68 was

a sim diabetic state when compared with the healthy
conm& uggests the ratio of macrophages was not affected

es disease state or the porosity of the devices.

n content analysis

0 examine the collagen fibers composition of the fibrous
capsule in both diabetic and healthy animals, samples were
stained with picrosirius red and imaged using polarized light
microscopy (Fig. 4A). The overall coherency of the tissue was
determined (Fig. 4B). No significant difference was seen in
porous and nonporous samples in healthy and diabetes-
induced animals (p=0.5827, p=0.5998). Diabetes did not
affect the coherency of the capsule suggesting no composi-
tional change in the capsule (p=0.3997). Mature and im-
mature fibers (Fig. 4C, D respectively) could be identified
using color segmentation (red/orange = mature; green/yellow =
immature collagen).**** There was no significant difference
seen between porous and nonporous samples in healthy and
diabetes-induced animals (red/orange: healthy p=0.4152,
diabetic p=0.1649; green/yellow: healthy p=0.4086, dia-
betic p=0.2333). Diabetes did not have an effect on the col-
lagen maturity within the capsule (red/orange p=0.7190;
green/yellow p=0.8918). The addition of pores into the DSR
device, similarly, did not affect the collagen content within
the capsule (Fig. 4B).

3D IF imaging of the fibrous tissue

To investigate the extent of the fibrous capsule formation,
the tissue sections with the porous and nonporous devices
in healthy and diabetic sections were stained with Col I,
Col III, and 2-SMA (Fig. 5A), to examine ECM deposition
and the presence of myofibroblasts, which play a vital role
in ECM remodeling and fibrosis. 4648 Three-dimensional IF
imaging was applied on the three biomarkers followed by
image processing of the samples (Fig. 5B-D). The expression
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A MicroCT

FIG. 2. Quantitative pCT
analysis revealed no change in
mean fibrotic capsule thickness
analysis when comparing healthy
with diabetes-induced animals. (A)
(From left to right) Coronal slices
through pCT dicom files. Fibrous
capsule was mapped using seg-
mentation and 3D reconstructions
of the area of interest after seg-
mentation can be seen. The color
intensity of the circle highlights the
thickness of that region (green=
thin, red =thicker). Qualitative
SEM reinforced the pCT analysis.
Traditional histological methods
did not provide us with clear
quantitative areas for comparative
thickness analysis. (B) No statisti-
cally significant difference in mean
fibrotic capsule thickness is seen
across the groups (p=0.2350).
N=3/group; one-way ANOVA;
mean = SD; scale bars=1mm.
STZ-treated animals have a slightly
higher overall capsule thickness,
indicating a trend toward a higher
fibrotic capsule thickness. 3D,
three-dimensional; pCT, micro-
computed tomography; ANOVA,

analysis of variance; SD, standard
deviation. Color images are avail- Q

able online. O
6 0\6
(PE046965), Col .7335), and

showed no significant¥differences be-
and the diabetic state.

Porous
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levels of o-SMA

e
se spectravof a-SMA, Col I, and Col III

by Raman imaging and TCA. The
sity heat maps recapitulate the dis-
expression levels of the o-SMA (red),

The morphology” of the components shows no structural dif-
ference in porous and nonporous groups as well as diabetic and
healthy groups. Image quantification demonstrated no signifi-
cant changes in expression levels of a-SMA (p=0.3216), Col I
(p=0.2230), and Col III (p=0.4819) in the fibrotic capsule,
which is consistent with the IF data (Fig. 6B-D).

Principal component analysis

Single spectra were extracted from the Col I-positive
heatmap regions and further analyzed by PCA with regard to
assess submolecular spectral variations. The PC-3 versus
PC-1 scores plot demonstrates a cluster formation between

BEATTY ET AL.

Capsule SEM
thickness

Histology

Healthy  Diabetic Diabetic

Healthy
Non-porous Porous Non-porous Porous

collagen structures signatures of healthy and diabetic rats
(Fig. 7A). The data of the healthy group significantly shift
to the positive PC-3 range compared with the diabetic group
(Fig. 7B). Positive peaks in the loadings plot correspond to
dominating spectral features found in data with positive PC-
3 score values, whereas negative bands provide insight on
spectral signatures of the data clustering in the negative
score range (Fig. 7B, C). The corresponding PC-3 loadings
plot explains the underlying molecular information indi-
cated by peak shifts in the specific wavenumbers (Fig. 7D).
The spectral differences were identified at several peak po-
sitions. Biological assignments of Raman spectrum are gi-
ven (Supplementary Table S1). The peak amplitude levels
that are relatively higher in the diabetic group than in the
healthy group include the 1684 and 1277 cm™ bands (Sup-
plementary Fi§. S1A, B), representing amide I and amide III,
respeclively.4 Furthermore, peak positions at 1404, 1322,
and 1004cm™ correspond to CH deformation, CH3CH2
twisting of collagen and phenylalanine.so Those findings cor-
respond to conformational differences in Col I. The healthy
groups showed an increase in these specific peaks compa-
red with the diabetic groups. Of interest, increased peaks in
the wavenumber ranging between 820 and 980 cm! might
indicate the presence of advanced glycation end-products
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Discussion

The presence of any foreign material in the body will
elicit an immune response of varying degree depending on
implantation site and properties of the material itself.>>
Understanding this response and employing suitable tech-
niques to overcome the associated response is paramount to
the success of any implantable device.

We assess our soft robotic drug delivery device in a diabetic
rodent model. Previous studies have shown the potential of this
device for sustained, repeated dosing*' and reduction of fibrous
capsule thickness using the drug delivery method itself, in
healthy animals.” Mimicking the devices environment in pre-

Healthy
Nunrp(mu%

Diabetic

Non-porous

FIG. 3. Pan-MI- and
M2- macrophage immuno-
fluorescence staining showed
no changes across groups,
regardless of porosity or
diabetes. (A) Representative
immunofluorescenge images
of all groups (Mf
el=red, CDo8; Sueen,
CCR7;dlue, }f;‘oﬁghs&)ﬁ
pancl: réd, @D6S; green,
) e, Hoechst).
(B)?H 1[thy M1, healthy M2
tic M2 were all
a’l’fy distributed, diabetic
'was non-normally dis-
tributed and the appropriate
statistical analysis was per-
formed for each group. No
significant difference was
seen across any of the groups
(M1 healthy p=0.1704; M1
diabetic p=0.4000; M2
healthy p=0.6401; M2 dia-
betic p=0.0703). N=3/
group; Students #-test with
Welch’s correction or
Mann-Whitney U-test,
mean +SD. Yellow asterisk:
implant side; scale
bars =50 pm. Color images
are available online.

Diabetic  Diabetic

Non-porous  Porous

clinical studies is essential for its clinical translation. It has
been documented for decades that the diabetic population
suffer from immune system dysfunction.'*>*~>° Prior studies
revealed that diabetes reduces the FBR caused by the im-
plantf("57 including reduced collagen deposition, leukocyte
infiltration, pathogen recognition, and cytokine produc-
tion.**>? In this study we have explored a range of biomarkers
using several techniques to determine the FBR to our im-
pldntdble device in a diabetic environment.

The size, shape, and roughness of implantable biomaterials
play a pivotal role in the development of the FBR.%*! Owing
to the unusual shape of this device, the area of fibrotic capsule
that is directly in contact with the membranous part of our
deviceis of upmost importance. The entire DSR device is made
out of a biocompatible material; however, the membranous
region in the DSR device is also smooth and flat, designed as
such for optimal drug delivery. We have shown fibrous cap-
sule thickness, in this region, does not differ between healthy
and diabetic animals. Understanding the capsular thickness
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surrounding an implantable medical device for drug delivery is
critical.” Although pCT analysis allows nondestructive sam-
pling of the fibrous capsule, traditional methods of histological
sectioning and imaging (Fig. 2A) results in partial destruction
of the capsular area. Therefore, determining the capsule
thickness from histological sampling, in this instance, would
not provide a reliable estimate, highlighting the importance
of whole sample imaging by pCT in analyzing fibrous capsule
thickness owing to its nondestructive nature.

Macrophages have been shown to play a pivotal role in the
FBR."” No change in the ratio of CCR7-positive macro-

Non-porous
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ollagen maturity was not affected by the diabetic state or porosity. (A) Fiber direction and

present be%iorous and nonporous samples in healthy or diabetes-induced animals (healthy p=0.5827; diabetic
.5998; healthy iabegic p=0.3997). (C) Mature collagen content was determined by color analysis (red and orange). No
fference wase en groups (healthy p=0.4152; diabetic p=0.1649; healthy vs. diabetic p=0.7190). (D) Immature

euized by green and yellow fibers. Diabetes and porosity had no effect on mature and immature collagen
.4086; diabetic p=0.2333; healthy vs. diabetic p=0.8918). Yellow asterisk: implant side; N=3/group;
ith Welch’s correction, mean+ SD. Scale bars= 100 pm. Color images are available online.

phages was observed between healthy and diabetic samples.
Similarly, CD163-positive macrophages showed no changes
across the groups. This confirms the incorporation of the
device into a diabetic animal does not alter the host’s mac-
rophage immune response to the implant, which is consistent
with the literature.>*> Owing to the highly tuneable nature of
our membrane fabrication methods, we were successful in
creating pores 10 um in diameter. Porous implants have been
shown to modulate macrophage polarization in the past*’;
however these pores were 15 times larger than the samples in
this study, which would not be suitable as an immune-
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protective barrl’im,reqmred for repeated drug delivery dosing.
The addition of pores in both disease states does not nega-
tively impact the number of macrophages.

In-depth analysis of fibrotic capsule structures demonstra-
ted high similarities of ECM structures between every group
in this study. ECM remodeling and inflammatory response
are highly correlated with myofibroblasts. One feature of
myofibroblasts is the expression of a-SMA in well-aligned
stress fibers.** -SMA involves in myofibroblast maturity,
focal adhesion, and scar contraction, although its role in
modulating the functionality of myofibroblasts still requires
further investigation.*® The a-SMA expression levels were
similar between all groups, indicating no significant additive

\o..-,,o'oa. Pcrw, Non-porous  Porous

.
Disbetic Healthy Healhy Diabetc Diabetic
Now-porous Porous Now-porows Perous

Drabetic

n%ﬂﬂ’orescence 1magmg demonstrated the structure of the fibrotic tissue and no expression

Mnents (A) Z-stack imaging of fibrotic tissue around porous and nonporous implant

imals (red, o-SMA; green, Col I; yellow, Col 1II; blue, DAPI). (B) No significant difference

ion of a-SMA based on relative distribution in the tissue (ratio to total volume) (]7 =0.6965). (C) No

fiificant differencgsin, ptotein expression levels of Col I were present (p=0.7335). (D) No change in Col III protein

ession levms%n (p=0.8927). Yellow asterisk: implant side; N=23/group, one-way ANOVA, mean=*SD; scale
tréicellular matrix; o-SMA, alpha-smooth muscle actin. Color images are available online.

effects on fibrotic capsule formation directed by membrane
porosity or diabetes (Fig. 6B).

Col I and III are the main components of the fibrotic capsule,
which were deposited by activated myofibroblasts and fibro-
blasts.®® The distribution pattern of Col IIl in the fibrous tissues
is unorganized and randomly distributed (Fig. SA). It has been
reported to show an increased expresslon in wound and scar
tissue compared with normal skin tissue.®® At the early stage of
fibrosis, Col III is secreted dominantly in the fibrotic process
and it is relevant to the regulation of the fibrillogenesis.®”
However, for the late stage, the abundant expression of dense
Col I is then identified in the fibrous tissues. In addition to
quantitative analysis and localization of the proteins, PCA was
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FIG. 6. Raman imaging and quantification showed no difference in the fibrotic capsules in diabetic and healthy animals
and membrane porosity variations. (A) TCA of the spectral maps acquired of fibrotic tissue sites at porous and nonporous
implant material in healthy and diabetic mice localized (red, a-SMA; green, Col I; yellow, Col III; blue, Nuclei). (B)
Quantification of a-SMA based on the relative distribution of the whole area of the tissue reveals no significant differences
between implant materials and animal models, respectively (p=0.3216). (C) Quantification of Col I based on the relative
distribution of the whole area of the tissue reveals no significant differences between the groups (p=0.2230). (D) Quan-
tification of Col IIT based on the relative distribution of the whole area of the tissue reveals no significant differences
between the groups (p=0.4819). All the implant sites are on the top of the images. N=3/group, one-way ANOVA,
mean + SD; scale bars =20 pum. TCA, true component analysis. Color images are available online.
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able to identify a significant separation between healthy and
diabetic groups, indicating differences in Col I conformation
referring to diabetes but only marginally to the porosity of the
selected biomaterials (Fig. 7B). Differences in molecu-
lar composition could be assigned to the groups according to
correlating peak positions (Fig. 7D). The observed conforma-

Healthy Healhy Diabetic Diabetic
Non-porous Porous Non-porous Porous

aanaly-

FIG. 7. Multivagiate
is of fibro Col I spectra
12771322 1404 1601 1684 iscrimin ular features

d diabetic rats.

prous and nonporous implants in
the PC-3 versus PC-1 scores plot.
B) A significant separation of
score values is demonstrated in PC-
3 (p=0.0409). (C) Representative
Col I spectra extracted from the
fibrotic capsule of healthy and
diabetic rats. (D) Spectral differ-
ences contributing to the separation
of healthy and diabetic group are
indicated in the PC-3 loadings plot.
Statistical comparison of the aver-
age PC-3 score values showed a
significant difference between
healthy and diabetic samples but a
heterogeneous distribution between
porous and nonporous groups.
N=3/group, unpaired #-test,
mean*SD. PCA, principal
component analysis. Color images
are available online.

tional differences might be indicative for the presence
of AGEs, which contributes to nonenzymatic glycation on
proteins in various conditions such as aging and hyperglycemic
environment.”!

High blood glucose levels in the body might result in glyca-
tion of plasma proteins and collagen, causing changes in their
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secondary structures.”® AGEs can induce irreversible cross-
linkage between collagen fibers, which might be its physical
properties and functionality.®” Altering peak positions in our
study include 1684 em™! (amide 1), 1404 cm™ (CH deforma-
tion), 1322cm™" (CH3/CH2 twisting, collagen), 1306cm™
(CH3/CH2 twisting or bending mode of collagen), 1277 cem™!
(amide IIT), and 1004cm™ (Phenylalanine), which are highly
related to secondary structure of proteins. Furthermore, peak
positions ~ 814, 867, 914, 1038, 1047, 1277, and 1430cm™,
corresponding to specific AGEs such as pentosidine and glu-
cosepane, were recognized in the collagen fibers signature of the
diabetic group.”””!

Recently, RS was utilized to identify the characteristics of
AGEs in an in vitro study,’ showing the variability of the
particular wavenumbers of AGEs at 16501690 em™! (am-
ide I band), 1225cm™ (lipids), 1010ecm™ (Tryptophan rin
breathing), and 800-1000cm™" (proline/hydroxyproline).
These previous studies support our findings of the significant
difference in the PCA.

An interesting question arises based on this phenomenon:
Does the AGE-induced structural alteration of Col I affect
the FBR caused by the subcutaneous implantation of the
DSR device? High expression level of AGEs is commonly
observed in diabetic patients. Beside the cross-linked AGEs
integrated with proteins such as collagens or hemoglol
there are also free AGEs in the blood, which are sus
to interrupt molecular function at cellular level by%hi
the receptors for AGE (RAGEs).”*™ RAGEs acti
induce the secretion of immunoregulatory cytoki
idative stress that are highly related to NF-,
NADPH oxidase and mitochondrial path

our results, there is no significant diffgfei he thickf

of the fibrotic capsule, collagen cghétgncy, as well R

ECM and macrophages compo: @ it the diffefignt “dis-
188.h

ease states. Furthermore, no e directly,
and thode s g re-
propegti \ rotic

cross-linkage of AGEs wi
veral approa demonstrate

ceptors would affect the

In this stud
a well-round: lerstanding of thgsdiabeti€ impact on the
FBR to our deviges, which is comparable with other stud-

capsule caused by t
potenggal provide additional

ies.” Morgver,
insights,o¢ghe molecular across groups has also
n ed. A m

@ ain li tion of this study is the sin-
le timgapbint lakenrzli%m. Although numerous studies

ort 14 days as bgifigna Switable limeg)oin( for monitoring

d R toi ateria].(’o‘ﬁ"7 it is important to

i 6logical engagement over longer time

periods. Ful ies will investigate the responses to

longer term i ntations to determine if a change in over-

all response is present. However, we have shown no change

in macrophage content, collagen organization, and maturity

and ECM expressions within 14 days. These findings allow

us to conclude that diabetes did not influence the FBR to our
implantable device.
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Introduction

TYPE 1 DIABETES MELLITUS is a metabolic disease char-
acterized by the autoimmune destruction of pancreatic
beta cells." The advancements in diabetes treatment have
greatly improved in the last decade. However, chronic hy-
perglycemia and severe hypoglycemic events remain a huge
challenge for patients with type 1 diabetes mellitus.>™ The
move to closed loop insulin delivery systems, along with cell-
loaded macro-encapsulation devices may help to alleviate the
burden faced by patients.” However, the long-term success of
many implantable devices, including but not limited to drug
delivery devices, is vastly hindered by an altered wound
healing process known as the foreign body response (FBR).>®

Several factors can affect wound healing, such as aging,
chronic inflammation, therapeutic interventions, and sys-
temic diseases.”"" The biological alterations that occur in
the diabetic population, such as chronic hyperglycemia,
impaired signaling, and circulatory dysfunction, are well
documented.'*"®  Implantable medical devices induce
chronic inflammation at the site of implantation.” Wound
healing is a normal biological process involving several
highly integrated stages.'™'® Within minutes, nonspecific
protein adsorption to the biomaterial surface initiates a
cascade of events. Initially, macrophage recruitment
subsequent polarization to either M1 (proinflammato
M2 (an!i-inﬂammatorx) J)heno(ypes plays a piv
the host’s response.s" 2

The prolonged presence of the biomaterialMgads to frus-
trated macrophages merging to form forei iant cells
(FBGCs). Both macrophages and FBGCs' cytoki

that encourage fibroblasts to depos@ around®]

foreign material, essentially “‘walli {* the implant

surrounding tissue (Fig. 1A)."7"! ascular, a
rich layer of tissue prevents ry of drugssan -
ecule diffusion over time, leading t® de% ilure.
In addition, the diabeti¢ envirbnment b x wn to
alter the FBR to po) olyurethg plants located
intraperitoneal cliglises in profibroge okine (TGF-
p1) and infla markers (TN and P-1) resulted
in alterations M collagen ma!uril%ethe diabetic group
s revealed that after

compared gith thé*control. 50 %
10 day cutaneous im diabetic model signif-

igant edsed TNF-a, -1, and MPO activity but
educ els of NA%B , and collagen expression.m
increase of F ight be related to fibroblast apo-
pt@sis, resultin 'ase in capsule formation.”?? It is
also repo b c"Molecular palhggenesis of diabetes is
healthy groups.™ The wound healing
process in diab@tic patients is deficient in chemokines expres-
sion, macrophage function, and colla§en deposition, affect-
ing the progress of wound closure.'****

However, until now, most studies mainly focused on the
wound healing process of diabetes, which cannot equally
contribute to the understanding of FBR caused by implants
in the diabetic population. Manipulating the host tissue
through chemical, mechanical, or surface modifications can
encourage better integration with reduced fibrosis.>'7!%%¢
Previously, our laboratory has developed a soft robotic drug
delivery device, called the dynamic soft reservoir (DSR),
which was shown to reduce the mean fibrotic capsule thickness
in nonporous devices. An actuation profile was used every 12h

@ods Secti
%Device ma Q
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for 14 days in a rodent model. The reduction in mean fibrotic
capsule thickness highlighted the potential of this technology
to fine-tune the biological host responsej Understanding
the diabetic response to biomedical implants is essential
for improving device longevity.

This study looks at porous versus nonporous DSR devices to
determine capsular development surrounding nonactuated de-
vices in healthy and streptozotocin-(STZ) induced diabetic
animals. We use micro-computed tomography (uCT) and
Raman spectroscopy (RS) to examine the FBR to implantable
drug delivery devices in the diabetic subcutaneous environ-
ment.”” RS is a marker-independent method and was im-

plemented here to examine the FBR by ¢ zing the
extracellular matrix (ECM) proteins in the caps label-
free technique has potential to moni logical

characterization, for tl 0 Invasive
2829

future diagnosis With
histologié\& %
ex@mine oSt response to our
implantable DSR ibes by utilization of

% imaging, and RS with
ellsrounded understanding of

surgery procedu
Here, we
aneo

radiatiQn. “Bhe DSR device consists of two separate reser-
aherapeutic and actuating reservoir. 0.075 and
thick thermoplastic polyurethane (TPU) sheets
-8001-M and HTM-1001 polyether TPU film;
erican Polyfilm, Inc.) were formed into hemispherical
apes (Yescom dental vacuum former). Both reservoirs are
3.9mm in height and 3.5 mm in diameter, with the 0.3 mm
TPU reservoir placed inside the 0.075mm TPU reservoir.
Two separate 3F TPU catheter tubing were added to the
relevant channels and bonded using heat shrink tubing. The
size and shape of the DSR can be easily altered by modify-
ing the three-dimensional (3D) printed molds. The base of
the therapeutic reservoir contains a porous membrane. A
TRUMEF Trumicro 5050 picosecond laser cutting technique
with UV 353 nm wavelength was used to generate pores
10 um in diameter. Pore size, pattern, and density can be
varied depending on the specific clinical need (Fig. 1B).

Dere fabricated and sterilized using gamma

Surgical procedure and implantation

Rodent studies were approved by the Italian Minister of
Health (Authorization No. 66/2017-PR) and performed by
Abiel Srl (Italy). Six, 12-week-old, female RccHan Wistar
(ENVIGO) 150/200 g rats were used during this study. Two
weeks before DSR implantation, diabetes was induced us-
ing 65 mg/kg STZ intravenously in three animals (Fig. 1C).
STZ-induced type 1 diabetes in rodent models has been an
established and accepted practice for the study of disease
pathology and its associated complications including would
healing since the 1960s.>*3%? Rats were anesthetized by
isofluorane and hair was removed in the area of implantation
on the dorsum. Six incisions, three on the left and right of
the midline were made in each rat. Three porous and non-
porous DSR devices were implanted subcutaneously follow-
ing enlargement of the surgical incision by blunt dissection
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