
 

Marker-Independent Assessment of Molecular 

Activation Patterns in Macrophages 

 

 

 

 

 

 

Dissertation 

der Mathematisch-Naturwissenschaftlichen Fakultät 

der Eberhard Karls Universität Tübingen 

zur Erlangung des Grades eines  

Doktors der Naturwissenschaften  

(Dr. rer. nat.) 

 

 

 

 

 

vorgelegt von 

Nora Feuerer 

aus Regensburg 

 

 

Tübingen  

2022  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gedruckt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultät der 
Eberhard Karls Universität Tübingen. 

 

 

Tag der mündlichen Qualifikation:  25.01.2023 

Dekan: Prof. Dr. Thilo Stehle 

1. Berichterstatter/-in: Prof. Dr. Katja Schenke-Layland 

2. Berichterstatter/-in: Prof. Dr. Peter Loskill 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

„Leben ist mehr als Hetzen und Jagen,  

Leben ist mehr als nur Theorie.  

Leben ist mehr als Zweifeln und Fragen,  

Leben ist hier, jetzt oder nie.“ 

 

- Rolf Zuckowski



 

 



Table of Contents 

I 
 

Table of Contents 

Table of Contents ....................................................................................................... I 

Abstract .................................................................................................................... IV 

Zusammenfassung ................................................................................................. VII 

Abbreviations ........................................................................................................... IX 

List of Figures ......................................................................................................... XII 

List of Tables ......................................................................................................... XIV 

List of Publications & Contributions .................................................................... XVI 

1. Introduction ..................................................................................................... 2 

1.1. Macrophage Function and Plasticity ..................................................... 2 

1.1.1. Macrophage Origin and their Role in Innate Immunity .............. 2 

1.1.2. The Spectrum Wheel of Macrophage Activation ....................... 4 

1.1.3. Mechanosensing of Macrophages ............................................ 6 

1.1.4. In Vitro Systems to Model Human Macrophage Biology ........... 8 

1.2. Raman Microscopy in Cell Biology ...................................................... 10 

1.2.1. The Raman Effect and Raman Scattering .............................. 10 

1.2.2. Raman Microspectroscopy and Raman Imaging on Biological 

Samples .............................................................................................. 12 

1.2.3. Raman Microspectroscopy in the Context of Conventional 

Imaging Techniques in Molecular Cell Biology .................................... 14 

2. Objective of the Thesis ................................................................................. 18 

3. Results and Discussion ............................................................................... 21 

3.1. Enzymatic Dissociation from Electrospun Substrates Selectively Impacts 

Macrophage Surface Antigens ....................................................................... 21 



Table of Contents 

II 
 

3.2. Raman Microspectroscopy Discriminates Macrophage Activation in a 

Marker-Independent Manner ......................................................................... 25 

3.2.1. Macrophage Activation is Predominantly Characterized by a 

Change in Lipid Composition .............................................................. 28 

3.2.2. Raman Microspectroscopy Identifies Macrophage Activation 

Induced by Surface Topography of Titanium Disks ............................. 29 

3.3. Raman Microspectroscopy Identifies Biochemical Activation Fingerprints 

in THP-1 and Monocyte Derived Macrophages ............................................. 32 

3.3.1. THP-1 and Monocyte Derived Macrophages Differ in their 

Molecular Composition ........................................................................ 34 

3.3.2. THP-1 and MDMs Differ in their Molecular Remodeling Capacity 

upon LPS and IFNγ Stimulation .......................................................... 35 

4. General Conclusion & Outlook .................................................................... 40 

References ............................................................................................................... 43 

Acknowledgments ................................................................................................... 52 

Declaration ............................................................................................................... 54 

Curriculum Vitae ...................................................................................................... 56 

Appendices .............................................................................................................. 60 



 

III 
 

 

  



Abstract 

IV 
 

Abstract 

Tissue repair, regeneration, and fibrosis are processes regulated by inflammatory 

monocytes and monocyte-derived macrophages (MDMs) that circulate in peripheral 

blood or reside in tissue. After a traumatic injury, monocytes and macrophages 

undergo significant phenotypic and functional changes that allow them to play essential 

roles in the initiation, maintenance, and resolution stages of tissue repair. 

Macrophages are also highly sensitive to physical stimuli in their environment and 

sense, for example, the degree of stiffness of the surrounding extracellular matrix. This 

makes them promising targets in biomaterial research, as the macrophage response 

is a crucial factor for long-term implant survival and performance. In addition, designing 

implant materials in a way that reduces inflammation and facilitates tissue integration 

has the potential to significantly reduce surgical costs and increase the quality of life 

for many patients. The research on how the physical properties of implant materials 

influence macrophage biology is still in its infancy. This work investigates how 

alternative analysis methods to classical immunological techniques can help overcome 

the current challenges in macrophage biomaterial research. It was therefore 

investigated how standard methods like flow cytometry perform in identifying 

macrophage phenotype after detachment from extracellular matrix-mimicking 

biomaterials. Our findings show that the detachment of adherent macrophages from a 

substrate induces significant bias depending on the analyzed surface antigens. Raman 

microspectroscopy (RM) is a non-invasive spectroscopic method that does not require 

fixation or antibody staining of biological samples. RM was therefore implemented as 

an alternative for single cell analysis of adherent macrophages. It was shown that 

macrophage activation can be robustly identified based on distinct Raman fingerprint 

spectra and that this method can be employed on macrophages adherent to 

biomaterial substrates to identify activation and phenotype in a marker-independent 

manner. Lipid Raman spectra were found to be significantly altered between 

macrophage phenotypes, making lipids an ideal target for the identification of 

macrophage polarization using RM. Lastly, it was investigated, if the myeloid leukemia-

derived monocytic cell line THP-1 shows similar molecular activation when compared 

to primary MDMs as identified by RM. THP-1 protein and phospholipid levels were 

significantly altered by proinflammatory activation in THP-1 macrophages while MDMs 

also showed altered nucleic acid and non-membrane intracellular lipid composition. 
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Altogether the findings of this thesis will contribute to a faster and more efficient 

development of regenerative biomaterials.
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Zusammenfassung 

Monozyten und Makrophagen sind Zellen des angeborenen Immunsystems, welche 

sowohl Bakterien und andere Pathogene durch Phagozytose eliminieren als auch 

maßgeblich die Wundheilung und die Reparatur von Gewebeschäden steuern. 

Makrophagen reagieren besonders empfindlich auf inflammatorische oder 

physikalische Reize ihrer unmittelbaren Umgebung und können beispielsweise den 

Grad der Steifigkeit der umgebenden extrazellulären Matrix wahrnehmen. Eine 

zentrale Rolle spielen Makrophagen deshalb auch bei der Verträglichkeit und 

Lebensdauer von Implantaten. Die Entwicklung regenerativer Biomaterialien, welche 

den Heilungsprozess fördern und chronische Entzündungen verhindern, kann die 

Lebensqualität vieler Patienten erheblich verbessern und Kosten im 

Gesundheitswesen senken. Welche Eigenschaften eines Materials besonders 

heilungsfördernd sind, ist bisher jedoch kaum erforscht. Der Kern dieser Arbeit 

beschäftigt sich deshalb damit, wie die Makrophagen-Aktivierung durch 

Materialoberflächen zuverlässig identifiziert werden kann. Im ersten Teil wird gezeigt, 

dass Standardmethoden, wie die Durchflusszytometrie oder Zytokin-Assays, bei der 

Identifizierung des Makrophagen-Phänotyps zu Verzerrungen der Ergebnisse führen 

können, da die Makrophagen von ihrem Substrat abgelöst werden müssen. Der zweite 

Teil dieser Arbeit untersucht, wie die Raman Mikrospektroskopie (RM) dazu beitragen 

kann, die Wechselwirkung zwischen Zelle und Material auf molekularer Ebene zu 

verstehen ohne ungewollte Artefakte zu generieren. Da die RM in situ durchgeführt 

werden kann, ist keine weitere Vorbereitung der Zellen notwendig und Makrophagen 

können direkt auf ihrem Trägersubstrat analysiert werden. Die RM wurde deshalb als 

Alternative für die Einzelzellanalyse von adhärenten Makrophagen eingesetzt. Es 

konnte erfolgreich gezeigt werden, dass die Aktivierung von Makrophagen auf der 

Grundlage unterschiedlicher Raman-Fingerprint-Spektren zuverlässig identifiziert 

werden kann und, dass mittels RM sowohl Aktivierung als auch Phänotyp von 

Makrophagen auf Trägermaterialien mit unterschiedlicher Oberflächenstruktur 

identifiziert werden können. Des Weiteren wurde gezeigt, dass insbesondere die 

Lipidzusammensetzung zum molekularen Fingerabdruck verschiedener 

Makrophagen-Aktivierungsmuster beiträgt. Der letzte Teil der Arbeit untersucht, ob die 

von der myeloischen Leukämie abgeleitete Zelllinie THP-1 eine ähnliche molekulare 

Aktivierung aufweist wie primäre Makrophagen. Bei beiden Zelltypen handelt es sich 

um populäre in vitro Modelle für humane Makrophagen, dennoch gilt es bei der 
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Anwendung spezifische Vor- und Nachteile gegeneinander abzuwägen. Ggf. können 

sich beide Modelle stark in ihren Aktivierungsmustern unterscheiden. Hier zeigen wir 

mittels RM, dass sich Protein- und Phospholipidspiegel durch proinflammatorische 

Aktivierung in THP-1-Makrophagen signifikant verändert, während primäre humane 

Makrophagen eine veränderte Nukleinsäure- und intrazelluläre 

Lipidzusammensetzung aufweisen..
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1. Introduction 

1.1. Macrophage Function and Plasticity 

Macrophages are a type of innate immune cell that adopt multifaceted roles in 

modulating inflammatory processes, maintaining tissue homeostasis, and the initiation 

of wound healing. Naive macrophages can exhibit a range of context-dependent 

activation states and their phenotype and functions are substantially influenced by their 

surroundings [1]. Macrophages are commonly divided into two subsets of classically 

activated (M1) macrophages and alternatively activated (M2) macrophages. M1 

macrophages are considered pro-inflammatory and induced by recognition of 

lipopolysaccharides (LPS) either alone or in combination with Th1 cytokines such as 

interferon γ (IFNγ) [2, 3]. In return, they produce pro-inflammatory cytokines such as 

interleukin-1 (IL-1), IL-6, IL-12, IL-23, and tumor necrose factor α (TNFα). In contrast, 

M2 macrophages are responsible for wound closure and/ or fibrotic events [3]. Due to 

the diversity of these different tasks, transcriptional and proteomic profiles of 

macrophage subtypes are quite distinct and range from the destruction or 

encapsulation of pathogens up to the repair of inflammation-related damage [4, 5]. 

Abnormal or prolonged macrophage activation is commonly associated with tissue 

damage, fibrosis, or even cancer [6-8].  

1.1.1. Macrophage Origin and their Role in Innate Immunity 

The term macrophage is quite broad and usually refers to monocyte-derived 

phagocytotic cells in both peripheral blood and tissue. A characteristic of macrophages 

is their enormous diversity and plasticity. Almost every organ accommodates a specific 

type of macrophage, for example, osteoclasts (bone), alveoli (lung), microglia (brain), 

histiocytes (connective tissue), Langerhans cells (epidermis) or Kupffer cells (liver) 

(Figure 1). Macrophages have their origin in the yolk sac during embryonic 

development. These yolk sac-derived macrophages give rise to two distinct 

macrophage populations. They constitute the origin of both hematopoietic stem cells 

(HSCs) in the bone marrow, which later give rise to circulating peripheral blood 

mononuclear cells (PBMCs) but also directly replenish tissue resident macrophage 

populations (Figure 2) [9, 10]. In reaction to danger-associated molecular patterns 

(DAMPs), pathogen-associated molecular patterns (PAMPs), cytokines, or 

chemokines, they are recruited into the tissue to eliminate danger and restore 

homeostasis.  
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Figure 1 Overview of tissue-specific macrophages 

The majority of tissue-specific macrophages are yolk sac-derived and can self-renew. 

Macrophage function can vary greatly between tissues and malfunction of macrophage 

biology can lead to severe pathologies and even organ failure [11]. 

The majority of tissue-specific macrophages exist independently from PBMC-derived 

macrophages. They are generated during embryonic development and it has been 

recently shown that tissue-specific macrophages inherently can self-renew [10, 12-14]. 

In 1972 van Furth and Cohn introduced the mononuclear phagocyte system (MPS) as 

a promising classification system for macrophages, blood monocytes, and their 

precursors and based it on morphology, function, origin, and kinetic characteristics. 

Initially, the MPS did not include the conventional dendritic cell (DC).  

Early on, DCs have been characterized by their distinct morphology, a superior ability 

to present antigens, their migration to lymph nodes, and the lack of active endocytosis 

[15] and were thus thought to be distinct from macrophages. However, a terminology 

controversy over the meaning of DCs has emerged recently [16] as new macrophage 

types have emerged that share some of these functions and for example migrate to 

lymph nodes for antigen presentation and T cell activation [17, 18]. 
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Figure 2 Macrophage ontogeny and development 

Macrophage development can take two paths: The majority of tissue-resident 

macrophages are directly derived from the yolk sac during embryonic development 

and can self-replenish during adulthood. However, macrophages can also mature from 

monocytes circulating in the blood. These monocytes are derived from a common 

myeloid progenitor in the bone marrow. Once they have matured into macrophages 

their lifespan is usually limited and, in contrast to most tissue-resident macrophages, 

they cannot self-renew. This figure was adapted from Williams et al. [9]. 

1.1.2. The Spectrum Wheel of Macrophage Activation 

Macrophages are one of the key sensors of danger in the host. Importantly, activation 

of macrophages by cellular debris can occur in experimental mice lacking lymphocytes, 

confirming that these mechanisms are not dependent on adaptive immune responses 

[19, 20]. Recognition of danger signals contained in necrotic cell debris is usually 

transmitted via Toll-like receptors (TLRs) and the interleukin-1 receptor (IL-1R) [21]. 

In an attempt to follow T cell nomenclature, macrophages have traditionally been 

classified into two categories, with M1 macrophages as pro-inflammatory (classically 

activated) and M2 macrophages (alternatively activated) as anti-inflammatory [22]. 

However, it soon became apparent that the M2 macrophage class was comprised of 

several very diverse subtypes. Despite a growing amount of information demonstrating 
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that the M2 label consists of cells with dramatically different biochemistry and 

physiology, this classification continues to persist in the literature [23, 24]. 

Today it is more common to describe macrophage activation as a continuum with many 

transitory activation profiles that range from killing pathogens and antigen presentation 

to the secretion of matrix metalloproteinases or even collagen to rapidly close wounds 

[25]. The focus of this work lies on three major groups of macrophage subtypes, which 

are described in more detail below. 

Pro-inflammatory macrophages (M1) The phrase pro-inflammatory or classically 

activated macrophage usually refers to macrophages with enhanced microbicidal and 

tumoricidal properties [26]. Pro-inflammatory macrophages can be generated either 

through sterile inflammation (apoptosis, necrosis, or tumorigenesis) via interferons or 

TNFα or through inflammation involving intruding pathogens and the recognition of 

lipopolysaccharides (LPS) [1]. The release of pro-inflammatory cytokines by classically 

activated macrophages is a crucial immune defense mechanism, yet failure to return 

to homeostasis after elimination of the threat can in return also cause significant host 

harm. For example, the secretion of IL-1, IL-6, and IL-23 by pro-inflammatory 

macrophages has been linked to the formation and growth of TH17 cells [27-29]. These 

cells release IL-17, a cytokine linked to increased polymorphonuclear leukocyte (PMN) 

recruitment to tissues, which can lead to inflammatory autoimmune diseases [30]. 

Wound-healing macrophages (M2a) Wound-healing macrophages, like classically 

activated macrophages, can grow in response to innate or adaptive cues. IL-4 is known 

to be one of the earliest inherent signals generated upon tissue injury [31]. Although 

other granulocytes may potentially contribute, basophils and mast cells are crucial 

early sources of innate IL-4 production [32, 33]. This early IL-4 production rapidly 

increases arginase activity in macrophages, an enzyme that converts arginine to 

ornithine. Ornithine is a direct precursor of polyamines and collagen and a key element 

in ECM production [34, 35]. However, dysregulation of this ECM-enhancing activity of 

wound-healing macrophages can lead to fibrosis and eventually to organ failure, 

similar to classically activated macrophages in autoimmunity [6, 36, 37]. 

Regulatory macrophages (M2c) Regulatory macrophages, like the other two 

macrophage populations discussed above, can emerge as a result of innate or 

adaptive immune responses. Regulatory macrophages do not secrete extracellular 
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matrix, and instead express high levels of HLA-DR or CD86 for enhanced antigen 

presentation [38, 39]. However, in contrast to pro-inflammatory macrophages, 

regulatory macrophages dampen the immune response and are responsible for the 

prevention of chronic inflammation, which can cause severe harm to the surrounding 

tissue [39-41]. Numerous protocols are available on how to create regulatory 

macrophages, but no single molecular mechanism has been identified yet [40]. The 

hypothalamic–pituitary–adrenal (HPA) axis has been identified as an important 

regulator of M2c macrophage plasticity [42, 43]. In reaction to stress, adrenal cells 

release glucocorticoids, which dampen the transcription of pro-inflammatory cytokines, 

decrease mRNA stability and subsequently reduce macrophage-mediated host 

defense [44, 45].  

1.1.3. Mechanosensing of Macrophages 

Cells scan their physical environment using mechanosensors, which interact with the 

ECM or neighboring cells and provide signals to the cytoskeleton [46]. Actin and 

microtubule polymerization and depolymerization exert traction pressures on the 

environment of a cell. Integrins transmit tensional forces between the ECM and the 

cytoskeleton via focal adhesion complexes (FACs) and convert them into biochemical 

signals [47, 48]. High tensional forces lead to the unfolding of the cytoskeletal protein 

talin and the exposure of otherwise cryptic binding sites. In turn, another FAC protein, 

vinculin, can bind to talin and form a signaling complex that initiates phosphorylated 

signaling cascades. This initiates several downstream processes such as cytoskeletal 

alterations or the induction of transcriptional regulatory networks [49].  

Thus, mechanosensing of macrophages is an essential part of the induction of the 

foreign body immune response, which leads to prolonged inflammation and fibrosis 

around implants and increases tissue stiffness [50, 51]. It has been shown that 

macrophage activation is influenced by physicochemical properties and surface 

structures of implant materials. For example, Hotchkiss et al. found that higher degrees 

of surface roughness on titanium implant materials enhanced the anti-inflammatory 

properties of primary murine macrophages [52]. 

Implant materials exhibiting a stiff, non-physiological e-modulus are associated with a 

more severe foreign body response, increased fibrosis, and thicker fibrous capsule 

development when compared to softer implants, implying that stiffness-enhanced 

inflammation has major pathogenic consequences [53-55]. Furthermore, an increase 
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in tissue stiffness is observed in several illnesses driven by macrophages [56]. While 

stiffness has a significant impact on macrophage activity, the molecular processes 

underlying macrophage activation are currently under investigation. 

Stretch-activated ion channels allow ions to pass through the cell membrane and 

convert external physical stimuli into electrochemical activity which in turn initiates 

signaling cascades and modulates cell behavior. Known representatives of this group 

are for example transient receptor potential vallinoid channels (TRPV), the Twik-

related arachidonic-acid activated K+ channel (TRAAK), and the TWIK1-related K+ 

channel (TREK1) [57], and the PIEZO channels 1 and 2, whose discovery by Coste 

and Patapoutian was honored with the Nobel Prize in 2021 [58]. Several recent studies 

found that the mechanically activated, non-specific cation channel Piezo1 is involved 

in several developmental processes and malfunction has been linked to various 

pathologies [59-61], as it transduces a variety of mechanical cues [53]. Piezo1 has 

been discovered as a mechanosensor of pressure and shear stress in myeloid cells 

attracted to the lung, heart, and bladder, and channel activity has been observed to 

induce inflammation [62]. However, under normal physiological conditions, 

macrophages are usually not exposed to such high mechanical forces. Thus, 

macrophages are more likely to sense physiological alterations in stiffness and 

composition of their surrounding ECM [63, 64]. While Piezo1 has been shown to sense 

stiffness in neural stem cells and glial cells [60, 65], its involvement in macrophage 

stiffness sensing is still in its infancy [53]. In 2021 Atcha et al. were able to demonstrate 

for the first time that IFNγ and lipopolysaccharide LPS-induced inflammation is highly 

dependent on Piezo1 expression and depletion of Piezo1 increases IL4 and IL13-

induced healing responses in murine macrophages [53]. An overview of 

mechanosensing mechanisms in macrophages is given in Figure 3. 
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Figure 3 Schematic illustration of mechanosensing mechanisms in 
macrophages. 

Macrophages can sense strain and pressure via several mechanisms and receptors. 

Integrins sense variations in ECM stiffness and are directly linked to the cytoskeleton. 

TRPV4 is activated by mechanical and chemical stimuli, which leads to calcium ion 

influx and the activation of several transcription factors, including MAPK, JNK, and p38. 

The translocation of these transcription factors to the nucleus induces the expression 

of anti-inflammatory cytokines. Piezo1 is activated by mechanical stimuli only and, like 

TRPV4, allows the influx of calcium ions. However, activation of Piezo1 leads to 

translocation of the transcription factor NF-kB and the induction of proinflammatory 

cytokines. In addition, all receptors can also be activated indirectly via interaction with 

toll-like receptors (TLRs). This figure was adapted from Orsini et al. [66]. 

1.1.4. In Vitro Systems to Model Human Macrophage Biology 

Human macrophage in vitro models differ in several phenotypic and functional aspects. 

It is therefore mandatory to holistically describe the macrophage model used for a 

study. Biological origin, activating stimulants, and surface antigens chosen for 

characterization are important factors to consider [24]. Several comprehensive 
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validations of human macrophage phenotypic indicators, as well as maturation and 

activation strategies, have been described [67, 68]. Surface markers can be useful 

indicators of macrophage function. For example, the expression of scavenger 

receptors allows for the analysis of phagocytic activity in macrophages [69]. 

Furthermore, cell-cell interaction is critical for macrophage function in disease 

progression and tissue homeostasis. For example, macrophage-derived factors are 

known to influence, among other things, infection response, inflammation resolution, 

adipose tissue biology, and cancer progression [2, 41]. 

The THP-1 acute monocytic leukemia cell line is a common macrophage in vitro model 

system. Since it is an immortalized cell line, THP-1 cells can be maintained in culture 

and passaged for extended periods of time. The variability of the individual passages 

is significantly lower than that of primary cells derived from different donor individuals 

[70]. THP-1 cells acquire a macrophage-like phenotype after differentiation with 

phorbol 12-myristate 13-acetate (PMA) or other stimuli, which mimics primary human 

macrophages in various ways [71, 72]. THP-1 cells' malignant background may elicit 

different responses than primary somatic cells in their normal context and the biological 

significance of the THP-1 cell model has recently been questioned [73]. The two model 

systems differ in key functions, including response to pro-inflammatory stimuli, cell-cell 

interaction, and polarization potential, among others [73, 74]. 

THP-1 cells can respond to the polarization techniques utilized for primary 

macrophages, but to a degree that can considerably differ from what is seen in human 

peripheral blood monocyte-derived macrophages (MDMs) [74]. It is thus important to 

assess the physiological behavior of THP-1-derived macrophages as an alternate 

model system to primary macrophages in a new experimental setting. [73].  
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1.2. Raman Microscopy in Cell Biology 

Raman spectroscopy has evolved into a valuable tool for chemists, physicists, 

biologists, and materials scientists alike as it allows the study of chemical structure, 

crystallinity, and other molecular interactions within a sample. It is a type of vibrational 

spectroscopy, i.e., it measures the molecular vibrations caused by chemical bonds that 

interact with a monochromatic light source.  

1.2.1. The Raman Effect and Raman Scattering 

Raman spectroscopy is named after the Raman effect, also known as the inelastic 

scattering of light, which was discovered by C. V. Raman in 1928. They discovered 

that a small fraction of the scattered light lost or gained energy and did not maintain its 

original energetic level; this scattering is now known as Raman scattering [75]. 

Typically, a monochromatic light source is interacting with a specimen and the energy 

difference between the incident and scattered photons is analyzed. The amount of lost 

(Stokes) or acquired (anti-Stokes) energy corresponds to a specific molecular vibration 

and detection of these scattered photons results in a Raman spectrum comprised of 

several vibrational frequencies (Figure 4) [76]. Based on the chemical bonds within it, 

each molecule has its fingerprint or spectrum [77, 78].  
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Figure 4 Principle of Raman scattering 

When light interacts with a molecule, energy can be maintained (Rayleigh scattering) 

or shifted (Raman scattering). If energy is lost, this shift is defined as Stokes, while a 

gain of energy is defined as anti-Stokes. In most cases, the Stokes shift is more 

frequently observed at room temperature. Λ = wavelength. Figure adapted after Lin et 

al. [79]. 
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1.2.2. Raman Microspectroscopy and Raman Imaging on Biological 

Samples 

Biological samples are usually comprised of many distinct molecules and functional 

groups and thus require elaborate data interpretation. One of the primary benefits of 

Raman spectroscopy is the ability to resolve major classes of biomolecules: proteins, 

lipids, and nucleic acids may be visualized based on their vibrational spectra, 

eliminating the requirement for cells to be labeled or stained before imaging (Figure 5) 

[80-82]. Because water has a weak Raman signal, unfixed cells can be observed in 

situ under normal physiological conditions, allowing for live-cell imaging [83]. However, 

extended acquisition periods and high laser intensities still prevent RM from being used 

for clinical or diagnostic purposes on a regular basis [77, 78]. This is primarily because 

spontaneous Raman scattering is a rare event: Only around 1 out of 108 photons that 

interact with a substance are inelastically scattered [84]. A variety of innovative 

techniques is beginning to overcome these limitations, allowing Raman spectroscopy 

to become an alternative to established methods of cell imaging. The combination of a 

Raman spectrometer with a standard confocal microscope was one of the most 

significant milestones in single cell Raman spectroscopy [85]. Confocal Raman 

spectroscopy can visualize or map samples in addition to collecting Raman spectra by 

connecting the Raman spectrometer to a camera, often a charged-coupled device 

(CCD), allowing for the visualization of intracellular components (Figure 6) [77, 78]. 

A typical Raman analysis can rapidly acquire a large, comprehensive set of data. The 

extraction of biological information, however, becomes more difficult with increasing 

data set size, and analysis of Raman data sets usually requires dimensionality 

reduction. To distinguish and visualize the spectral contribution of different biological 

structures, supervised or unsupervised learning algorithms are employed. This way, 

false color heat maps are created visualizing the distribution of DNA, lipids or ECM 

proteins in a biological sample. This makes RM a promising tool for the in vivo 

diagnosis of pathological tissue alterations and cancer diagnosis [86, 87]. For example, 

it was shown that Raman spectroscopy can reliably identify invasive glioma in situ 

during surgery with a sensitivity and specificity of 90% and above [88]. 
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Figure 5 Raman peaks of eukaryotic cells 

Biological samples are comprised of many different chemical constituents, requiring 

careful interpretation of Raman spectra. However, some Raman peaks can be 

assigned to certain organic structures, such as cytochrome c (mitochondria), 

phosphate and pyrimidine (nucleic acids), Amide I and phenylalanine (proteins), 

phospholipids (membrane) or fatty acids (intracellular lipids, vesicles). 
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Figure 6 Principles of Raman spectroscopy and Raman imaging 

A biological sample, e.g. cells or tissue, is scanned pixel by pixel using Raman 

spectroscopy. The obtained spectral information can further be used to identify cell 

components sharing certain spectral characteristics. False-color heat maps are then 

generated to visualize the sample and its components. 

1.2.3. Raman Microspectroscopy in the Context of Conventional 

Imaging Techniques in Molecular Cell Biology 

Today cells can be visualized by a variety of different imaging techniques. Traditionally, 

cell imaging is performed on fixed cells, primarily using brightfield, fluorescence, and 

electron microscopy [89]. While these approaches contribute essential structural and 

biochemical information, they only provide an endpoint analysis of the cell’s condition 

at the time of the fixation [83]. Furthermore, cells are frequently labeled before imaging, 

which has the potential to create artifacts and distort the true intracellular state [77, 90]. 

Phase contrast and differential interference contrast microscopy allow for live cell 

imaging without prior staining [78, 91]. Images obtained using these techniques are 

often collected faster than those obtained using Raman spectroscopy. However, there 
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is a lack of chemical specificity and the possibility of artifacts introduced due to labeling. 

[90] 

Fluorescence microscopy, which allows the detection of single molecules within a cell, 

is widely used in live cell imaging. It allows researchers to identify specific cellular 

structures by either using fluorophore-conjugated antibodies or intracellular expression 

of fluorescent proteins [92]. However, fluorescence microscopy relies on the 

fluorescent labeling of the cells, which can directly impact cell physiology. As a result, 

fluorescence imaging may not reflect the actual cellular environment when compared 

to Raman-related techniques. Fluorescence microscopy techniques can be enhanced 

to provide cellular resolution below 20 nm (e.g. STORM (stochastic optical 

reconstruction microscopy) or PALM (photo-activated localization microscopy)) [93-

96]. While Raman spectroscopy achieves resolution down to 200 nm [97], it does not 

require fluorescent markers and offers the advantage of increased chemical specificity.  

Another vibrational spectroscopy approach that is commonly used for live cell imaging 

is infrared spectroscopy (IR). Both IR and Raman spectroscopy are considered non-

invasive and non-destructive, can identify the underlying chemical structure of a 

specimen, and do not require sample preparation. 

While IR spectroscopy detects heteronuclear functional group vibrations and polar 

bonds (particularly OH stretching in water), Raman spectroscopy is sensitive to 

homonuclear molecular connections. It may, for example, discriminate between C-C, 

C=C and C-H bonds [98]. In conclusion, water is a significant absorber of infrared 

radiation, and measurements of aqueous solutions can be challenging. Raman 

spectroscopy is therefore frequently favored over IR spectroscopy for live cell imaging 

because cells can be maintained under physiological settings [78]. 

While all the listed techniques here offer certain advantages in biomedical research, 

there is a great deal of interest in further developing Raman spectroscopy and imaging 

due to its potential for non-invasive in vivo illness diagnostics [99-102] 

 



 

16 
 

 

  



 

17 
 

 

 

C h a p t e r   2 

O b j e c t i v e   o f   t h e   T h e s i s 

  



Objective of the Thesis 

18 
 

2. Objective of the Thesis 

The focus of this work is to identify macrophage responses to environmental stimuli at 

the molecular level. For this purpose, alternative methods to conventional 

immunological assays, such as flow cytometry, were established. The first step of this 

work was to evaluate how well the activation of adherent macrophages can be 

analyzed using common surface antigens. Different dissociation methods and how 

they affect cell harvesting, viability as well as preservation of surface antigens were 

compared. Since most detachment methods either come at the expense of cell viability 

or result in degradation of surface antigens by enzymatic treatments, the second part 

of the thesis addresses non-invasive RM as an alternative analysis method. RM is a 

common method in materials science to analyze the purity of materials but is now 

increasingly applied in biology. However, data on how well RM can detect macrophage 

activation is still limited. In this work, we hypothesized that the molecular composition 

of macrophages changes by the different activation stimuli to such an extent that 

different Raman fingerprints are generated, which can be used to identify cells with 

unknown activation status. RM can also be used on adherent macrophages, for 

example, to investigate their activation by implant materials without the need for further 

processing of the cells. 

Primary human macrophages can be isolated directly from the peripheral blood of 

patients or volunteers with relatively little effort and used for further in vitro cell culture. 

However, working with primary immune cells also has some inherent drawbacks. The 

human immune system is extremely heterogeneous between individuals in order to be 

able to protect a population from various infections. However, with a small number of 

subjects, this variability makes it difficult to make general statistical statements about 

large populations. The third part of this thesis, therefore, deals with the THP-1 cell line 

and its comparability with primary human macrophages and how both cell types differ 

in their molecular composition before and after activation. Although THP-1 cells are 

also derived from humans, they are of myeloid leukemia origin and differ substantially 

in some properties from macrophages derived directly from peripheral blood 

monocytes. 
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3. Results and Discussion 

3.1. Enzymatic Dissociation from Electrospun Substrates 

Selectively Impacts Macrophage Surface Antigens 

Macrophages can serve as promising models to assess and screen the 

immunocompatibility of potential implant materials in vitro. As macrophages are 

typically highly adherent and tend to infiltrate into porous substrates, their subsequent 

analysis by conventional analytical methods poses several challenges. In many cases, 

cell scraping is the method of choice to detach adherent macrophages from cell culture 

polystyrene and to avoid enzymatic alterations of surface antigens. In contrast to 

common ceramics or metals, many modern biosimilar materials have porous, ECM-

mimicking structures that encourage cell infiltration to enhance the formation of new 

tissue. These materials do not allow the scraping of cells and several laborious steps 

are required to separate cells from their substrate. In addition, the scraping process 

imposes considerable stress on the cells, which manifests itself in increased apoptosis. 

Enzymatic digestion is a non-mechanical alternative that detaches cells from their 

substrate by proteolytic cleaving. However, this process is unspecific and prone to 

induce alterations in cell surface antigens. This is especially problematic for flow 

cytometry analysis, as it relies on surface antigens for phenotyping and assessment of 

activation status (Figure 7). 
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Figure 7 Enzymatic dissociation selectively impacts macrophage surface 
antigens 

(A) To perform flow cytometry analysis, cells need to be in suspension. Fluorescently 

labeled antibodies are added to bind to selected antigens. The mean fluorescence 

intensity is then analyzed, providing insight into the presence and/ or quantity of the 

labeled antigen. (B) Macrophages become strongly adherent during their time of 

culture. To be analyzed by flow cytometry, enzymatic detachment is usually necessary. 

However, common detachment protocols using Accutase or Trypsin selectively cleave 

some antigens necessary for macrophage phenotyping. 

To evaluate the influence of dissociation solutions on common macrophage surface 

antigens, we treated in vitro cultured primary human macrophages with Trypsin, 

Accutase, ethylenediamintetraacetic acid (EDTA), and a ready-to-use macrophage 

detachment solution by Promocell (PMDS). Yield, viability, phagocytic activity, and 

antigen conservancy were analyzed to compare efficiency and robustness. All 
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solutions were compared to a control of scraped cells that had not experienced further 

treatment.  

The results showed that non-enzymatic EDTA solutions fail to effectively detach MDMs 

from well plates, while both trypsin and Accutase surpassed cell yields obtained by 

scraping (Feuerer et al., Appendix I, Fig. 1A). We hypothesize that this effect can be 

contributed to low proliferative activity in mature macrophages since this method relies 

on the chelation of bivalent cations by EDTA that are required for continuous cell 

adhesion. However, some degree of proliferative activity is necessary for this approach 

to take effect. It is noteworthy that the commercially available macrophage detachment 

solution did not have superior performance compared to the in-house made EDTA 

solution. Interestingly, while most protocols recommend detachment of MDMs with 

EDTA on ice, our results showed that temperature seems to play only a minor role in 

detachment success: cold shock did not significantly increase the cell yield compared 

to incubation with EDTA at 37 °C. In addition, we investigated how these methods 

influence cell viability, hypothesizing that scraping will result in the highest cell death 

rates compared to non-mechanical treatments. Scraping tended to result in the 

harvesting of less viable cells when compared to enzymatic detachment, but scraping 

still tended to perform better than the non-enzymatic solutions (Feuerer et al., 

Appendix I, Fig. 1B). A possible explanation for these findings is the low number of 

harvested cells by non-enzymatic solutions, indicating that mostly dead or apoptotic 

cells were harvested while viable cells remained stuck to the bottom of wells.  

We additionally investigated the effect of Accutase treatment over time on the detection 

of surface markers. The results showed that, as previously observed, CD86 was the 

most stable of all tested markers, with only minor changes in the levels of detected 

protein over time for all donors. In contrast, both CD206 and CD163 showed greater 

variability across donors when compared to CD86, with some donors showing greater 

sensitivity to loss of surface antigen than others. HLA-DR was also highly variable, with 

some donors showing a different trend across time in the levels of protein detected 

(Feuerer et al., Appendix I, Fig. 4). Overall, we observed more variation in the 

detection of the M2 markers CD206 and CD163 compared to the M1 marker CD86, 

while HLA-DR also showed donor-dependent differences. Though it has been argued 
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before that these changes in MFI are negligible [74], we show here that in some cases 

MFIs are reduced up to almost 50%, significantly changing the interpretation of results 

and potentially altering macrophage phenotype classification.  

MDMs are known for their phagocytic ability, especially the M2 phenotype which 

expresses CD206 (mannose receptor) and CD163 (hemoglobin scavenger receptor). 

As such, these cells typically possess increased phagocytic capacity compared to M1 

macrophages, since one of their main functions is the clearance of cellular debris from 

damaged or infected tissue. Thus, we investigated how macrophage dissociation using 

Accutase impacts the uptake of dextran. In these experiments, MDMs were either 

treated with Accutase for 3 min or 10 min and subsequently harvested and reseeded 

with FITC-conjugated dextran beads. As controls, macrophages were either left 

untreated or harvested via scraping. Uptake of FITC-dextran was examined at 30 min 

and 3 h in all groups and subsequently measured using flow cytometry (FC). We 

observed the biggest difference in the uptake of dextran particles between the 

untreated control cells and treated cells. This effect was independent of the 

detachment procedure. There was a trend for MDMs treated with Accutase for 10 min 

to take up less dextran at the 30 min time point when compared with treatment for 3 

min or scraping, but apart from this no major differences across experimental 

conditions were detected (Feuerer et al., Appendix I, Figure 5). This indicates that the 

dissociation process per se is far more disruptive to the phagocytosis of macrophages 

than the cleavage of CD206 or CD163. 

To test if Accutase treatment can effectively detach MDMs from a biomaterial, we 

investigated MDM removal from electrospun polymers. Electrospinning is a popular 

technique to create non-woven scaffolds with randomly oriented fibers that mimic 

natural ECM. Electrospun materials serve as popular scaffolds for enhanced wound 

healing and tissue regeneration [103-105]. Since these materials are fibrous by nature, 

adherent cells are difficult to remove from the substrate as they typically infiltrate into 

the pores of the scaffold. Here, two polymers widely used in regenerative medicine 

were chosen. Poly(lactic acid) (PLA), a biodegradable polymer, and a non-degradable 

polyurethane (PU) [106, 107]. Both were electrospun and prepared for cell culture 

according to protocols that have been established previously in our laboratory [108, 
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109]. Monocytes from three donors, each with three technical replicates, were seeded 

on each electrospun scaffold and standard tissue culture polystyrene plates. The cells 

were then cultured and matured to MDMs before being treated for removal. The results 

showed that after a 10 min incubation with Accutase, the highest number of cells was 

detached from the polystyrene control (Feuerer et al., Appendix I, Fig. 6A, D). Results 

from the PLA scaffold (Feuerer et al., Appendix I, Fig. 6B, E) show that a similar 

percentage of cells were detached from this material as the control well plate. 

Detachment from electrospun PU, however, was less efficient since up to 90% of the 

cells remained on the scaffold after Accutase treatment (Feuerer et al., Appendix I, 

Fig. 6C, F). The cellular adhesion process is multifactorial and to a great extent 

determined by the substrate. Wettability, pore size, fiber size, and surface energy all 

influence cell adhesion [110]. While the analyzed scaffolds in this work did not 

significantly differ in wettability, the fiber size of PU was several-fold higher (775 ± 163 

nm) compared to PLA (156 ± 6 nm). Large pores facilitate cell infiltration and provide 

more surface area for cells to adhere making pore size a possible factor in the success 

of cell detachment.  

Ultimately, we were able to show that the choice of detachment method has a 

significant effect on viability and surface antigen stability. Typical macrophage 

classification antigens such as CD163 and CD206 are particularly affected by 

enzymatic treatment, so that cautious data interpretation is required when classifying 

macrophages by flow cytometry. Furthermore, our results suggest that the choice of 

detachment protocol should be made in dependence of the substrate and that further 

protocol optimization is likely to be required. 

 

3.2. Raman Microspectroscopy Discriminates Macrophage 

Activation in a Marker-Independent Manner 

As discussed in chapter 3.1, macrophages are strongly adherent cells. They recognize 

altered mechanical stimuli and substrates in their immediate environment and activate 

corresponding molecular programs. Since macrophages are extremely plastic cells, 

changes occur at both the cell’s biological and metabolic levels. Both wound healing 
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and the tolerance of prostheses and implants often depend on the long-term response 

of macrophages, with chronic inflammation and severe scarring often being 

undesirable outcomes. It is, therefore, feasible to design biomaterials to support 

accelerated wound healing and prevent chronic inflammation. The main challenge is 

to identify material properties that favorably influence macrophages. However, this 

depends largely on how the macrophage response is characterized at the molecular 

level. Conventional methods either involve endpoint analyses with predefined antigen 

markers (flow cytometry) (Feuerer et al., Appendix II, Figure 1E-H) or sacrifice single 

cell resolution (e.g. enzyme-linked immune sorbent assay (ELISA) or multiplex assays) 

(Feuerer et al., Appendix II, Figure 1J-Q). In this part of the dissertation, an exploratory 

analysis method using Raman microspectroscopy is presented, which allows the 

analysis of single adherent macrophages without further cell preparation procedures 

(Figure 8). We also show that this method can be used to identify macrophage 

activation on various substrates. 

Monocytes were seeded on cell culture polystyrene, matured to MDMs, and polarized 

using IFNγ + LPS (M1), IL-4 + IL-13 (M2a), or IL-10 (M2c); In addition, monocytes were 

also seeded on different material substrates including glass, machine polished titanium 

(Ti M) and acid etched titanium (Ti A). Hyperspectral images were acquired of the 

adherent cells and based on their Raman spectra, major cell components were 

identified including proteins, nucleic acids, and lipids (Feuerer et al., Appendix II, 

Figure 2). Raman spectra were then extracted and further processed for principal 

component analysis (PCA). An overview of the workflow is given in Figure 6 A – D. 
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Figure 8 Multivariate Data Analysis of Raman Spectra of Macrophage Activation  

The macrophage response toward several exogenous stimulants was assessed using 

RM. (A) MDMs were either treated with pro- or anti-inflammatory cytokines or cultured 

on glass, machine polished titanium (Ti M) or acid etched titanium (Ti A). (B) 

Hyperspectral Raman images were acquired and cell components were visualized 

using false color intensity heat maps. (C) Spectra from cell components were extracted 

and analyzed using PCA. (D) PCA Loading plots were employed to identify specific 

biochemical changes in the cell. 
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3.2.1. Macrophage Activation is Predominantly Characterized by a 

Change in Lipid Composition 

We found a significant separation of all four MDM subtypes when comparing lipid 

Raman spectra (Figure 9 A & B), indicating that lipid composition undergoes 

substantial changes during the polarization process (Feuerer et al., Appendix II, 

Figure 3 A-C) [111]. Raman peaks at 1440 cm-1, 1655 cm-1, 2885 cm-1, and 3010 cm-

1 attributed to the C=C double bond of unsaturated fatty acids, were shown to 

contribute to the separation of the polarized groups (Figure 9 C & D; Feuerer et al. 

Appendix II, Figure 3 D & E). It has been reported that the relative intensities of the 

C=C stretch at 1655 cm-1and the CH2 bending at 1440 cm-1provide insight into the ratio 

of saturated vs. unsaturated fatty acids within the cell [112]. In this work, we identified 

the presence of linoleic [113] and palmitoleic [114] acid in macrophage lipids detected 

by RM by comparing them to spectra reported in the literature [115]. TAGs were 

identified by their ester molecule, which is indicated by the 1744 cm-1peak [116]. All 

Raman peaks and their assignments are listed in Feuerer et al. Appendix II, SI Table 

1. 

Lipids regulate many cellular and immunological activities, such as energy storage and 

cell signaling. Linoleic acid and other polyunsaturated fatty acids have a substantial 

effect on the inflammatory process by controlling the expression of pro-inflammatory 

cytokines like IL-1 and IL-6 [113]. The degree of saturation in fatty acids, as shown by 

the loading plots in this work, significantly contributes to the PCA-based differentiation 

of macrophage subtypes. Macrophage lipid composition and RM's ability to track lipids 

were both demonstrated in prior studies [82, 117] with lipids playing a crucial role in 

both inflammation and MDM polarization [111, 118, 119]. A study by Montenegro-

Burke et al. using supercritical fluid chromatography and mass spectrometry, confirms 

that M1, M2a and M2c polarized MDMs significantly differ in their membrane and 

intracellular lipid composition [118]. Fatty acid composition and turnover are closely 

linked to macrophage metabolic shifts during polarization, which makes lipid 

composition an ideal target for tracking macrophage polarization [111, 120, 121]. 
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Figure 9 Raman microspectroscopy identifies lipid fingerprints of macrophage 
activation 

(A) Fingerprint spectra of the lipid components were extracted from each macrophage 

subtype. (B) Heat maps show the distribution of lipid spectra within the cell. (C) PCA 

loading plot of PC-1. Marked peaks indicate Raman shifts with the highest contribution 

to the separation of all four subtypes. Peak assignment is listed in Feuerer et al. 

Appendix II SI Table 1. Figure adapted from Feuerer et al. [122]. 

3.2.2. Raman Microspectroscopy Identifies Macrophage Activation 

Induced by Surface Topography of Titanium Disks 

We examined whether RM analysis might be utilized to track lipidome changes in 

MDMs and use the information to identify macrophage polarization. For this purpose, 
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glass and two titanium specimens with different surface topographies were used as 

culture substrates for human monocytes without the addition of any other stimulants 

like LPS or cytokines. Both brightfield and Raman images were acquired of the 

substrate-adherent MDMs after maturation (Figure 10 A). To put the MDM response 

into context, cytokine secretion and surface antigen expression were analyzed (Figure 

10 B & C; Feuerer et al., Appendix II, Figure 4 G – N and SI Figure 3) showing a trend 

toward the M2 phenotype. When projected into the model of previously polarized 

MDMs, the means of M2c and macrophages adherent to Ti A clustered in close 

proximity to each other confirming the results obtained by FC (Figure 10 D). This 

finding is in accordance with other studies, demonstrating that rough, unorganized 

surfaces induce an anti-inflammatory M2c phenotype [52, 123, 124]. Poor survival and 

performance of common implants is linked to roughness-induced inflammation or 

fibrosis [125, 126]. However, changes in macrophage physiology are only poorly 

reflected when looking at established indicators of the cell response, such as cytokines 

and surface antigens [127]. In this setting, only the surface antigen CD206 was 

significantly increased (Figure 10 B) in MDMs cultured on titanium. CD206 is an M2a-

associated surface receptor responsible for the scavenging of bacterial sugars and 

cellular debris and an indicator of increased phagocytosis [36]. Intriguingly, MCP-1, a 

chemoattractant cytokine responsible for the recruitment of monocytes, neutrophils, 

and lymphocytes, was significantly increased in M2a macrophages and macrophages 

adherent to Ti A but not in M1 macrophages. 
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Figure 10 Lipidome changes of macrophages activated by biomaterials can be 
identified by raman microspectroscopy 

(A) Brightfield images and Raman spectra heat maps of MDMs adherent to glass and 

titanium. (B) Cytokines expression of polarized MDMs and substrate-adherent MDMs. 

(D) PCA projection plot of polarized MDMs and substrate-adherent MDMs. (E) 

Loadings plot of PC-2 showing Raman shifts contributing to the separation of 

substrate-adherent MDMs on glass, Ti M, and Ti A. Peak assignment is listed in 

Feuerer et al. Appendix II SI Table 1. This figure is adapted from Feuerer et al. [122]. 
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3.3. Raman Microspectroscopy Identifies Biochemical 

Activation Fingerprints in THP-1 and Monocyte Derived 

Macrophages 

Monocyte-derived macrophages obtained from human peripheral blood and PMA-

differentiated THP-1-derived macrophages were analyzed by RM, both before (resting) 

and after (activated) stimulation with LPS and IFNγ. The spectral information obtained 

by RM was employed to detect molecular differences between both model systems 

induced by LPS and IFNγ. 

The THP-1 monocytic cell line and primary human MDMs circulating in the peripheral 

blood are both popular models for human macrophage biology. THP-1 immortalized 

cells are derived from the blood of an acute monocytic leukemia patient and differ from 

healthy, PBMC-derived macrophages in various aspects. [71-74]. For example, THP-

1 monocytes are known to express significantly less CD14 than primary monocytes 

and are less susceptible to LPS treatment [128]. Furthermore, it was recently found 

that THP-1-derived macrophages have only limited ability to polarize into the M2 

phenotype [74, 129]. 

To further elucidate molecular differences between both model systems during 

activation, RM was employed to holistically analyze THP-1-derived macrophages and 

MDMs before and after treatment with LPS and IFNγ. While the response towards LPS 

and IFNγ treatment has been analyzed by other groups using Raman spectroscopy 

[130, 131], to the best of our knowledge, no studies exist that compare occurring 

spectral changes between THP-1 and primary MDMs. We demonstrate that RM 

identifies chemical changes in nucleic acids, proteins, phospholipids, and fatty acids 

that occur during the inflammatory response of THP-1-derived macrophages and 

MDMs. In addition, we show that THP-1 derived macrophages and MDMs differ in their 

capacity to remodel during pro-inflammatory activation: While significant molecular 

changes were observed in MDMs in all four analyzed components, THP-1 derived 

macrophages only showed changes in phospholipids and protein content (Figure 11). 
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Figure 11 Schematic overview of experimental setup to assess molecular 
remodelling in THP-1 and MDMs after pro-inflammatory activation. 

THP-1-derived macrophages and MDMs were analyzed using RM before and after 

stimulation with LPS and IFNγ. RM revealed that MDMs experience significant 

molecular changes in phospholipids, proteins, nucleic acids, and intracellular fatty 

acids. In contrast, THP-1-derived macrophages only showed changes in phospholipids 

and proteins. 
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3.3.1. THP-1 and Monocyte Derived Macrophages Differ in their 

Molecular Composition 

RM was employed to record hyperspectral images of THP-1-derived macrophages and 

MDMs. False color-coded intensity distribution heat maps were created using true 

component analysis (TCA) from Raman images (Feuerer & Carvajal et al., Appendix 

III, Figure 2 A & B). To define macrophage activation, routine FC analysis was 

performed in addition to RM measurements (Feuerer & Carvajal et al., Appendix III, 

Figure 1). 

A total of four primary spectral components were found, ranging from nucleic acids 

(blue) through proteins (green) and two lipid-related components, intracellular fatty 

acids (red, also referred to as lipids A) and phospholipids (pink, also referred to as 

lipids B) (Feuerer & Carvajal et al., Appendix III, Figure 2 C).  

Table 2 Overview of Raman peaks assigned to four major cellular components 
analyzed in this work 

Component Attributed Raman Peaks [cm-1] 

Cytoplasm 749 , 1005 , 1585 and 1660  

Nucleic Acids 785 , 1093 , 1340 and 1576  

Lipids A (intracellular 

fatty acids) 

1130 , 1265 , 1301 and 1445  

Lipids B 

(Phospholipids) 

1130 , 1265 , 1301 , 1445 , 719 and 876  

 

Resting THP-1-derived macrophages and MDMs yielded comparable spectral 

signatures (Feuerer & Carvajal et al., Appendix III, Figure 3 B). All four components 

could be identified by PCA in both cell models (Feuerer & Carvajal et al., Appendix III, 

Figure 2). All analyzed peaks and their molecular assignments can be found in Feuerer 

& Carvajal et al., Appendix III, Table 1. 

Component spectra of resting THP-1-derived macrophages and MDMs were 

compared using principal component analysis. PCA identified that most differences 

between THP-1 and MDMs can be found in the cytoplasmic component of 
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hyperspectral Raman images. PCA scores calculated from the cytoplasm revealed a 

very diverse scattering pattern with elevated cytochrome C bands at 750 cm-1, 1130 

cm-1, and 1585 cm-1, which are associated with mitochondrial activity and are known 

to have a major role in the immunological response [132]. 

In addition, increased bands at 935 cm-1, 1449cm -1, and 1665 cm-1 (proline, valine, 

and amide I) were observed, which are typically associated with structural vibrations 

related to the 3D configuration of proteins. It can be hypothesized that inflammasome 

formation, a multiprotein complex involved in the initiation of the immune response, 

contributes to the signal [133-136]. These findings correlate with the observation that 

THP-1-derived macrophages showed increased cytokine expression in their resting 

state. 

3.3.2. THP-1 and MDMs Differ in their Molecular Remodeling Capacity 

upon LPS and IFNγ Stimulation 

 
THP-1 and MDMs were activated by adding 100 ng/ mL LPS and 100 ng/ mL IFNγ to 

the culture medium. Spectral Raman maps of 30 x 30 pixels were acquired before and 

after activation. In addition, FC analysis was performed to measure surface antigen 

and intracellular cytokine expression. 

While FC analysis of surface antigens and intracellular cytokines provides the first 

evaluation of cell activation, it does not capture the long-term impacts of cellular 

remodeling. Previous research has indicated that THP-1-derived macrophages have a 

less significant polarization profile following pro-inflammatory activation than MDMs 

[74]. We were able to demonstrate that THP-1 macrophages and MDMs reacted to 

treatment with LPS/ IFNy; however, Raman spectral analysis revealed unique 

remodeling patterns in specific cell components. 

FC analysis identified differences in the expression of the chemokine MCP-1 and the 

surface antigen CD86, also known as B7.2., and the hemoglobin scavenger receptor 

CD163. While MCP-1 was increased in THP-1 macrophages after stimulation, a 

decrease was observed in MDMs. The opposite was observed for CD86, which 

increased significantly in MDMs after stimulation but not in THP-1 macrophages 

(Feuerer & Carvajal et al., Appendix III, Figure 1). 
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Since THP-1 is a cell line derived from monocytic leukemia, the failure to upregulate 

CD86 is likely based on an immune evasion mechanism typical for many cancers [137-

139]. CD163 is a scavenger receptor and its upregulation indicates enhanced 

clearance of cellular debris and the onset of the healing process after tissue trauma. A 

significant loss of CD163 was observed in MDMs after activation but not in THP-1 

macrophages. Most explanations that can account for these differences are 

hypothetical. For example, differences in genetic variability or alterations in molecular 

kinetics can contribute to the reported results. 

Multivariate analysis of the Raman spectral data revealed that proinflammatory 

alterations in THP-1 were shown to be predominantly linked with changes in 

cytoplasmic content and phospholipids, in contrast to MDMs, which demonstrated 

significant differences before and after activation in all examined cellular components. 

The most significant Raman bands are depicted in the assigned loadings plots for each 

analysis (Feuerer & Carvajal et al., Appendix III, Figure 4 E). 

Individual spectra from the cytoplasm of MDMs or THP-1 were analyzed using PCA 

before and after LPS-IFN activation (Feuerer & Carvajal et al., Appendix III, Figure 5). 

PC 4 explained 2% of the variance in THP-1 clustering, whereas PC 2 explained 4% 

of the variance in MDM separation. Analysis of the selected PC scores revealed that 

the score graph separations were statistically significant (Feuerer & Carvajal et al., 

Appendix III, Figure 5 C & D). Differences in cytoplasmic molecular composition were 

observed in the loading plots for both PCAs (Feuerer & Carvajal et al., Appendix III, 

Figure 5 E) following LPS-INFγ stimulation of THP-1 and MDM cells (Feuerer & 

Carvajal et al., Appendix III, Figure 5 E). The two groups' distinct spectrum patterns 

aided in the separation and assignment of molecular changes. 

In conclusion, we found that proteins and phospholipids are the most sensitive and 

robust indicators of macrophage activation, based on PCA results. Changes in lipid 

composition, notably in the composition of phospholipids, have been linked to amide I 

substructure alterations before [118, 140, 141]. Chaudary et al. found similar results, 

reporting differing spectral patterns and alterations in THP-1 and primary blood-derived 

cells after monocyte-to-macrophage development [142]. However, it should be noted 

that their activation protocol for THP-1 and MDMs used PMA instead of LPS and IFNγ. 
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Several studies demonstrate that a decreased expression of the LPS co-receptor 

CD14 on THP-1 cells leads to lower responsiveness to LPS when compared to MDMs 

[143]. This finding is also reflected in the Raman data, which demonstrate higher 

overall responsiveness in MDMs when compared to THP-1-derived macrophages. 

Ultimately, we were able to demonstrate that RM and Raman imaging can robustly 

identify diverging molecular changes between THP-1 macrophages and MDMs driven 

by LPS and IFNγ stimulation. PCA confirmed that THP-1 macrophages were less 

reactive towards LPS and IFNγ than primary MDMs which showed molecular 

alterations in all identified subcellular structures, indicating a more systemic response 

to LPS and IFNγ. 
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4. General Conclusion & Outlook 

Biomaterial-mediated modulation of macrophages is an emerging therapeutic strategy 

to orchestrate downstream events of inflammation after tissue injury. The ability of the 

tissue to function and regenerate is dependent on managing the biophysical and 

biochemical milieu in a manner that remains largely unexplained. By using biomaterials 

as artificial microenvironments to study and control macrophage destiny, researchers 

can display and convey macrophage regulatory signals in a precise and near-

physiological manner. Because macrophages are strongly adherent phagocytic cells 

that also carry the ability to present antigens to T cells, they are ideal targets for the 

development of immune-competent materials that promote endogenous regeneration 

and actively control macrophage polarization. Macrophage plasticity is an important 

nexus of the innate and adaptive immune response, and therefore pivotal for 

subsequent stages of regeneration and inflammation after encountering a non-

physiological material. Understanding how different material designs activate 

macrophage phenotypes is essential for this new design paradigm. 

Ultimately all three parts of this work aim at contributing to the goal of developing 

intelligent biomaterials that specifically and actively influence their environment and 

exert beneficial effects on immune cells and wound healing. 

For this purpose, it was investigated how macrophage physiology is altered by different 

material surface topographies and how this change can be reliably and reproducibly 

analyzed.  

We provide evidence that phenotyping of macrophages by flow cytometry is 

compromised through the process of dissociation necessary for suspension analysis. 

While multiplexed cytokine assays provide insight into the overall cytokine milieu, they 

usually lack single cell resolution and as macrophage populations are inherently 

heterogeneous, certain subpopulations might not be resolved. Furthermore, cytokines 

can accumulate over time depending on their degradation rates, obscuring subtle trend 

changes in the inflammatory process.  

RM is becoming an increasingly popular tool in the biological sciences because it does 

not require pre-processing of cells like paraformaldehyde fixation or antibody staining. 
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The technology has developed over time to generate Raman fingerprints that can 

reliably distinguish different cell types. By resolving cellular components like proteins, 

lipids, and nucleic acids, we provide evidence that macrophage polarization induces 

significant changes in the lipidome and that these changes can be tracked and 

identified by RM. Based on this finding, we further demonstrate that distinguished 

Raman lipid fingerprints can be utilized to de novo identify polarization in macrophages 

induced by different material surface topographies.  

Lastly, it was demonstrated that the choice of human macrophage in vitro model 

determines which molecular changes are induced by pro-inflammatory stimuli and 

therefore strongly affects the interpretation of results. This was also reflected in the 

observed Raman spectra which significantly differed between THP-1 macrophages 

and primary MDMs. 

The development of immunocompetent materials carries enormous potential in the 

biomedical sector. If a material can orchestrate immune cells towards regeneration and 

wound healing, implants can be developed that fully integrate into the human body 

without scarring or inflammation, resulting in improved durability and performance. 

Furthermore, implant scaffolds can be engineered that first induce the formation of new 

tissue and then biodegrade, leaving a fully functional new organ behind. Other possible 

applications are the engineering of skin substitutes that significantly accelerate the 

healing process and prevent excessive scarring. Here we show that RM and Raman 

imaging are useful tools to efficiently identify material characteristics that support 

immune-mediated healing and regeneration.  
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