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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 I (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. 
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Zusammenfassung 

Fibrotische Erkrankungen sind als pathologischer Prozess der übermäßigen 

Ablagerung von Proteinen der extrazellulären Matrix (EZM) im Bindegewebe eine 

irreversible Folge einer chronischen Entzündung. 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, einschließ lich 

Implantation, Alterung, Krebs, wiederholte Gewebeschädigung oder chronische 

Entzündungen. Implantate können eine fibrotische Kapselbildung verursachen, die 

durch die Fremdkörperreaktion ausgelöst wird. Fibrotische Kapseln können die 

Funktionalität von Medizinprodukten physikalisch beeinträchtigen 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 abhängig sein kann. 

Darüber hinaus stellen histologische Färbungen invasive Biopsieverfahren dar und 

können durch Färbeartefakte zu Fehlern bei den diagnostischen Ergebnissen führen. 

Diese Dissertation beschäftigt sich mit der Etablierung einer neuen Methode zur 

Bewertung der implantationsgesteuerten Fremdkörperreaktion im Streptozotocin 

(STZ)-induzierten diabetischen Tiermodell unter Verwendung der Raman-

Mikrospektroskopie (RMS). Die EZM-Zusammensetzungen sowie entzündliche und 

regenerative Aktivierungszustände von Makrophagen wurden untersucht. Wir haben 

das Potential der RMS gezeigt, Kollagen I zwischen diabetischen und nicht-

diabetischen Nagetiermodellen über fortgeschrittene Glykosylierungs-Endprodukte zu 

unterscheiden, die in Kollagenfasern der Diabetes-Gruppe integriert waren. Darüber 

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 I weisen auf Unterschiede in der 

Sekundärstruktur hin, was auch von hoher klinischer Relevanz ist. Neben der EZM-

Charakterisierung hat RMS das Potenzial für die Klassifizierung von Immunzellen. Die 

Raman-Bildgebung wurde auf Gewebeschnitte zur Immunphänotypisierung von 

M1/M2-Makrophagen angewendet. Die Klassifizierung wird Unterschieden in den 
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DNA-Methylierungsmustern zwischen M1/M2 zugeschrieben. Zusammenfassend 

bieten Raman-Bildgebung und Mikrospektroskopie einen fortschrittlichen 

diagnostischen Ansatz zur Ü berwachung der Fibroseuntersuchung auf 

molekularsensitive und markerunabhängige Weise. 
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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.  
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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 XII [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 α (TNFα), 

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 β (TGFβ) and platelet-derived growth 

factor (PDGF) in an attempt to repair the wound and remodel the ECM components 

[45-47]. Another critical role of TGFβ 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 α-smooth muscle actin (αSMA), 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 I and collagen type III (Col III) 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 III 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 I progressively replaces the 

population of Col III 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 



9 

 

functional purpose such as affecting the population of cell types, cellular behavior and 

signaling based on the above-stated molecules [61].  

 
 
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 
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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-1β, TNFα, CCL12 and TGFβs, 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.  
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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−1[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 stereoisomers (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 

(𝜔i) incident on a totally transparent object, all the photons can be transmitted (𝜔t) 

without frequency change (𝜔i = 𝜔t). When the incident of the light applies to a molecule, 

it is excited from an initial energy state of 𝐸 I and spontaneously reaches a virtual 

energy state [87]. Then the molecules relapse to the final energy state which 

represents 𝐸 f. The interplay between the radiation and the chemical bond of the 

molecule can lead to a frequency change, 𝜔s 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 (𝜔i = 𝜔s). For Raman scattering, 

particularly the Stokes scattering, the frequency of the emitted radiation is lower than 

the incident radiation (𝜔i > 𝜔s, 𝜔fi = 𝜔i - 𝜔s), which means that the final energy state 

reaches a higher energy level [𝐸f = 𝐸 i +h𝜔fi] [89]. When the final stage of the radiation 

emission reduces to a lower level [𝐸f = 𝐸 i- h𝜔fi], the frequency becomes higher (𝜔s > 

𝜔 i), 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 𝜔 to describe the transition of frequency, it is 

generally expressed as wavenumbers (ν), or inverse-centimeter (cm-1) 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 (∆𝐸) [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].  

 
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-1) 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 

I 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 M1-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, it is 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 

https://www.google.com/search?sxsrf=APwXEdflWiSe_RgLr5CjYkCBfWaMBJnUOA:1679883245698&q=mammalian+tissue&spell=1&sa=X&ved=2ahUKEwj8wP7ghPv9AhXaUGwGHWiYDYsQkeECKAB6BAgHEAE
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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 III and αSMA 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 µm thickness and 2 µm 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 

Diabetes treatments have been tremendously enhanced in the last decade. 

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 
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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 III and αSMA 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 αSMA 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, 

quantitative evaluation of the biomarkers occasionally might be insufficient to fully 

describe complex biological networks [143]. Therefore, an in-depth analysis of Col I 

alternations was conducted on extracted Raman spectra from the capsular areas. 

Molecular information was obtained via PCA by analyzing Col I 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 I 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-1 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 I, 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 I 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 I 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 I 

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 I signatures. The result was 

further confirmed by the mean value of PC-3 scores, showing a significant difference 

between Col I 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 III, phenylalanine, proline and hydroxyproline. 

These alterations are highly relevant to conformational differences in Col I 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-1 and 856 cm-1 (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 I 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 I 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 I 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 I and deciphers the elements in the Col I spectra. (C) An architectural basis of 

convolutional neural network: the characteristics of Col I 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 I 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 I Spectra 

To further validate the conformation changes of Col I in the fibrotic region, Raman 

spectral data underwent deconvolution on the amide I band region. Gold standard 

methods to determine the protein secondary structures are X-ray crystallography, 
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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 α-helix, β-strands, β-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 β-turn is challenging to be detected by this spectroscopic method 

[175]. Therefore, we published a research to discriminate structural changes in Col I 

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 I band deconvolution (1550-1720 

cm-1) [176, 177]. The theory behind the determination method is based on the different 

patterns of hydrogen-bonding of the amide region (C=O and N-H groups) [178]. Each 

secondary structure, α-helix, β-sheets, β-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 I spectra 

from different types of tissues were extracted. Prior to deconvolution at the amide I 

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-1 (β-turn, β-sheet or random coils), 1670 cm-1 (β-turn), 

1657 cm-1 (α-helix) [180-182]. Herein, we highlighted that the topography of the 

spectral peak of amide I signal is regulated by the peak of 1605 cm-1. The topography 



28 

 

of the amide I peak demonstrated a distinctive indicator for fibrotic tissue identification, 

showing similar topography in connective tissues but different from the shape of amide 

I band of fibrotic capsules (Figure 7 B-F).  

 

Figure 7.Spectral deconvolution of amide I band from Col I spectra from various tissue types.  

(A) Fingerprints of fibrotic and healthy Col I spectra. Amide I 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 I region is demonstrated by a black line and the 

fitted amide I band is shown in a blue solid line. Sub-peaks were shown at 1605, 1636, 1657, 1670 

and 1685 cm-1, representing the secondary structure of Col I. 
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Furthermore, the quantitative peak intensities at 1605 cm-1 that originated from 

connective tissues and fibrotic tissues correlated to their tissue types (Figure 8). The 

elevated peak intensity at 1605 cm-1 of the fibrotic Col I 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 

I 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 I 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-1, 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 I 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 I from patients. The workflow is identical to Figure 6. The 

deconvoluted Raman peak at amide I 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 I 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-1, 1488 cm-1, 1379 cm-1, 1330 cm-1, 879 cm-

1, 857 cm-1, 786 cm-1 and 725 cm-1 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 I 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.  
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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 μm (left), 

50 μm (right) (B) RMS enabled the identification of ECM components as well as 

immunophenotyping to evaluate the degree of FBR. Scale bars: 20 μm; Yellow asterisk: 

implant side. Illustration 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-1, 1488 cm-1, 1342 

cm-1, 1330 cm-1, 786 cm-1 and 725 cm-1, 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-1 and 857 cm-1, 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 α-ketoglutarate, which is well known for the vital factors in cellular metabolism, 

especially in the Krebs cycle [203]. α-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 I 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 

I 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 

I 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 I spectra from 

two types of tissues, indicating conformational differences in Col I. The biological 

assignments contributed to PC loading showed proline, hydroxyproline and amide I 

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 I was conducted by amide I 

band deconvolution. Secondary structures of α-helix, β-sheets, β-turns and random 

coils have been reported to be highly relevant to the sub-peaks below the amide I band 

[180]. Compared to connective tissues, a significantly larger peak intensity at the 

position of 1605 cm-1 was found to be statistically correlative with fibrotic capsules. 

This molecular-sensitive method allows fibrosis detection beyond morphological and 

quantitative 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 μm), 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 γd dendritic epidermal T cells 

[222-225]. γd 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 β 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 I and classify the populations 

of M1-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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