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Abstract 
 

Using Dispersive Raman Spectroscopy to  

Assess Remodeling in Vascular Constructs used in  

Tissue Engineering 

by 

Andrea S. Theus 

Advisor: Dr. Chris Bashur 

 

Tissue engineered vascular grafts (TEVGs) are a promising alternative to surgery for 

the treatment of thrombotic occlusion of small diameter (< 6 mm) arteries. It is 

important that TEVG composition prevent compliance mismatch. Both initial protein 

incorporation and cellular remodeling are important for blended TEVG compliance. 

Understanding the distribution of extracellular matrix (ECM) components is also 

important and may dictate the remodeling response. Raman spectroscopy has been 

used to assess components of engineered scaffolds non-destructively. However, 

Raman has not been applied to semi-quantitatively assess 3D engineered-tissues and 

cellular remodeling of blended materials with low-scattering natural and high-

scattering synthetic components. This is important due to the increased use of 

synthetic biomaterials for TEVG applications. The overall goal of this study was to 

develop a technique to assess the cellular and matrix remodeling response. 

Electrospun meshes were prepared with 100% poly(ε-caprolactone) (PCL), 90% 
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PCL/collagen, and 90% PCL/fibrinogen. XPS and Raman results showed differences 

of protein distribution when incorporated into a PCL scaffold and differences in the 

resulting effects with cell culturing and incubation. Raman spectra was acquired for 

all pure materials individually (e.g. PCL, collagen, and fibrinogen) to determine the 

unique spectral fingerprint of each material. Protein peaks of interest were identified 

(e.g. 740 and 1040 cm-1) and were analyzed when protein was incorporated into the 

electrospun meshes. Raman spectra was acquired for the pure PCL control and 

blended scaffold conditions. The protein peaks remained relevant for proteins even 

when incorporated into the high scattering PCL polymer and showed remodeling due 

to incubation and cell culturing over 21 days. Spectra were also analyzed with multi-

factor processing techniques (e.g. MFA) and showed that separation between 

appropriate sample groups can be achieved even with large amounts of spectral data 

sets. Biochemical analysis (e.g. Hyp, µ-BCA assay) was done to determine if specific 

remodeling responses, degradation and/or release occur with incubation and 

culturing of smooth muscle cells. These results showed a negligible loss of protein 

within electrospun meshes with incubation and culture. Overall, we have shown that 

Raman spectroscopy can be used to semi-quantitatively detect the incorporation of 

low levels of specific proteins (e.g. collagen and fibrinogen) within electrospun 

meshes as well as changes that occur with mesh remodeling.  
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Chapter 1:  

Introduction 
 

1.1 Background 

The goal of this study was to use Raman Spectroscopy to develop a sensitive 

technique that will allow for the assessment of the remodeling of tissue engineered 

vascular grafts (TEVGs).  Tissue engineered vascular grafts are a promising 

alternative to surgery for the treatment of thrombotic occlusion and stenosis of small 

diameter (< 6 mm) arteries. The cellular and extracellular matrix (ECM) remodeling 

response of the TEVG will dictate its viability. It is important that the TEVG 

composition prevent compliance mismatch between the implanted graft and the 

native vascular tissue. While initial tissue deposition is needed to promote tissue 

integration, continued proliferation of smooth muscle cells (SMCs) and extracellular 

matrix (ECM) deposition can lead to intimal hyperplasia and occlusion. Raman has 

been used previously to non-destructively assess and monitor tissue components 

including cellular and ECM components [1], [2]. However, Raman has not been used 

to aid in the efficient screening of TEVGs with both high scattering synthetic and 

low scattering natural components that are often used in vascular tissue engineering 

applications. Thus, we are developing a method using Raman spectroscopy to 

analyze and semi-quantitatively assess 3D engineered-tissues and remodeling of 

natural/synthetic-blend materials previously used for TEVGs. 
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1.2 Clinical Significance  

1.2.1 Peripheral Artery Diseases 

It is reported that an estimated 92.1 million adults in the United States alone suffer 

from at least one type of cardiovascular disease (CVD) and this number is expected 

to rise by 2030 [3].  Over 27 million people across North America and Europe are 

affected by peripheral artery disease (PAD) accounting for 16% of the population 

aged over 55 years [4]. There is a high concern that this number could rise due to the 

increasing prevalence of diabetes, obesity, and other cardiovascular disease risk 

factors. An Italian study showed that PAD is associated with increased mortality 

rates, with nearly a four-fold increase in overall mortality and an eight-fold increased 

risk of cardiovascular related mortality [5]. Among 40-60% of patients with PAD, 

coronary artery disease is the most common cause of death [6].  

1.2.2 Coronary Artery Disease 

Coronary artery disease (CAD) is mainly characterized by the buildup of 

atherosclerotic plaques in the vessel lumen and consequently restricted blood flow 

[3]. CAD is most often treated with medication, angioplasty and stenting, or bypass 

surgery depending on the severity of the disease. Between 1 to 5 bypasses could be 

received by a patient depending on how many coronary arteries and their main 

branches are blocked [7]. For both PAD and CAD, the gold standard for autologous 

graft options are vessels harvested from the saphenous vein, the internal mammary 
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artery, and the radial artery. However, the mammary artery is often not used for PAD 

due to the shorter length of this artery.  

1.2.3 Current Graft Options  

Current graft options for small diameter grafts (< 6 mm) include autologous grafts 

from the saphenous vein and the internal mammary artery, which are the standard 

for bypass graft surgery [8]. However, these grafts still have limitations. For 

example, about 15% of saphenous vein grafts occlude and fail within the first year 

after implantation [9]–[10]. More importantly, autografts are not always a viable 

option due to lack of vessel supply or previous disease. When autologous vessels are 

not available, alternative synthetic treatments have been used such as Dacron® and 

ePTFE. This alternative treatment works well and has proven successful for the 

replacement of large diameter vessels in high blood flow/low resistance conditions. 

However, in small diameter arteries these synthetic grafts show poor clinical 

performance. For example, the occurrence of intimal hyperplasia and thrombosis 

results in low patency in these synthetic grafts. Reduced blood flow and compliance 

mismatch between the graft and native vessel are also found with synthetic graft 

options [11]–[12]. Given the limited number of autologous blood vessels and the 

reduced patency in small diameter vessel applications, a great need for tissue 

engineered vascular grafts options is present. 
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1.2.4 Graft Patency 

Graft patency is used as a prognostic value to determine the treatment outcome of a 

bypass grafting surgery [13]. Graft patency is an important factor to consider after 

bypass surgery as it defines the graft’s ability to maintain normal arterial blood flow 

and its resistance to graft occlusion. Graft occlusion is when a blockage forms within 

the graft, this can occur in an early or late stage after implantation. Most instances of 

early graft occlusion are subintimal hyperplasia at the anastomoses or surgical 

technique complications [14]–[16]. Due to the differences in compliance, a disturbed 

blood flow or turbulence can occur, which can lead to graft thrombosis as well [17], 

[18]. Late stage graft occlusion is usually due to graft remodeling and structural 

changes that occur within the graft itself, which is often affected by underlying 

diseases [19]. Late stage thrombosis can occur when the vessel lumen constricts 

caused by intimal hyperplasia and changes the blood flow pattern. It has been 

reported that individuals who have higher systemic inflammation and platelet 

activity, like individuals with diabetes mellitus, may be more prone to late term graft 

occlusion [20].   

1.3 Tissue Engineered Vascular Grafts 

The aim of vascular tissue engineering is to produce grafts with long-term patency 

that are able to integrate within the living tissue and exhibit properties similar to the 

native tissue. The mechanical properties of the TEVG should also match those of the 
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native vessel (tensile strength of ~ 1.8 MPa) [21]. Current vascular tissue engineering 

approaches utilizes biodegradable scaffolds that are often times seeded with cells to 

produce an extracellular matrix (ECM), which can promote graft integration. In some 

studies, synthetic grafts have been seeded with endothelial cells (ECs) to promote 

endothelialization and reduce the occurrence of thrombotic occlusions [22]. 

Alternatively, cells can be recruited onto the scaffold material after implantation in 

the body where they are able to proliferate and produce extracellular matrix. In order 

to satisfy these requirements, properties of biomaterials must be properly analyzed 

before using as a graft material for vascular engineering.   

1.3.1 Vascular Scaffold Materials 

Scaffold materials used for vascular engineering applications may be purely 

synthetic (e.g. poly(ɛ-caprolactone) (PCL)), all natural (e.g. collagen and elastin), or 

a composite of synthetic and natural materials. For example, elastic biomaterials such 

as polyurethanes (PUs) have been used previously since they are generally more 

compliant than non-compliant materials such as Dacron and ePTFE grafts. 

Bioresorbable polymers such as polyglycolic acid (PGA) and polylactic acid (PLA) 

have both been investigated for vascular scaffold materials. PGA is a highly 

crystalline polymer and exhibits hydrophilic properties. The first absorbable suture 

was made from PGA and degrades due to hydrolytic processes after 2 to 4 weeks 

after implantation as some in vivo studies show [23], [24]. A study performed by 
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Niklason et al. showed 100% patency in decellularized PGA scaffolds implanted into 

porcine models after 4 weeks of implantation and exposure to pulsatile flow [25]. 

PLA is semi-crystalline structure and offers high mechanical strength. It is often used 

more frequently than the highly crystalline PGA polymer in scaffold materials due 

to its naturally occurring L-lactic acid hydrolytic product [23]. Some PGA and PLA 

copolymers have been produced and marketed under the names Vicryl and 

polyglactin 910 that are being widely used in clinical setting for many applications 

including sutures and drug delivery systems [23], [24], [26]. Breuer et al, shows that 

over a 6 month period mononuclear cell-seeded PGA and L-lactide-ε–caprolactone 

P(CL/LA) copolymer scaffolds implanted into the inferior vena cava of mice were 

degraded and replaced by cellular and ECM components [27]. Although this study 

shows that PGA-PLA based tissue engineered scaffolds are an efficient approach for 

low pressure systems, the same approach may not be viable for high pressure/low 

diameter arterial systems [27], [28]. PCL has also been looked at as a promising 

biomaterial for tissue engineering because of its mechanical properties such as high 

tensile strength ~ 5.1 MPa [29], slow degradation rate, biocompatibility, and easy 

processing. As mentioned, PCL has a slower degradation rate (2 - 3 years) in 

comparison to PGA and PLA, which degrade much faster [30]. Due to this slower 

degradation rate this polymer has been investigated for the use of long term drug 

delivery vehicles [27]. A particular study also shows that small diameter (2 mm) 

PCL-based TEVG implanted in a rat model promoted faster endothelialization and 
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ECM production than ePTFE grafts [31]. Bioresorbable, synthetic-based scaffolds 

provide excellent mechanical strength and integrity, and processability, but natural 

materials typically better facilitate tissue remodeling [23]. ECM proteins such as 

collagen, elastin, fibrin, and fibrinogen have been investigated for vascular tissue 

engineering. 

Collagens are the most abundant proteins in the body and they have been 

extensively investigated for biomedical applications. Type I collagen is the most 

abundant protein found in mammals and it is composed of three polypeptide 

subunits. ECM proteins like collagen type I possess an arginine–glycine–aspartic 

(RGD) acid sequence that is recognized by integrins [32]. Integrins are found on a 

variety of cell types and mediate cell to cell and cell to ECM attachment [33]. 

Collagen type I is found throughout most extracellular matrices and acts as a suitable 

substrate for cell attachment and proliferation. Bell and Weinberg led in the 

pioneering of type I collagen based gels for tissue engineered vessels [34]. Although 

the engineered vessels matched components of the structure of the native vessels, 

these engineered vessels exhibited poor mechanical strength.   

Fibrinogen is another natural protein that has been investigated for use as a 

scaffold material due to its ability to induce improved cellular interaction and 

scaffold remodeling compared to synthetic scaffolds [23], [35]. Fibrinogen is a 

naturally occurring plasma protein that contributes to wound healing and clot 

formation [30], [35].  Fibrinogen based scaffolds have been developed previously in 
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the form of fibrin gels for the use of cartilage repair [36]–[38]. Those studies show 

that fibrinogen-based scaffolds are non-immunogenic, easily degradable, and 

promote cell migration. Tranquillo and colleagues fabricated tubular fibrin gels as a 

tunica media equivalent and showed that the enmeshed SMCs directed the alignment 

of fibrin fibers and cell-synthesized collagen fibers [39].  

Composite scaffolds combine the mechanical integrity and biochemical cues 

of synthetic and natural materials respectively. In our study, the same approach will 

be used. Specifically, we used the composite scaffold materials of PCL/collagen and 

PCL/fibrinogen blends. PCL will provide mechanical strength and integrity over 

time due to its slower and more controlled degradation rate. Incorporating collagen 

into PCL has been shown to combine the biocompatibility of collagen and the tensile 

properties of PCL [40], although collagen’s pro-thrombotic properties are a potential 

concern [41]. Yoo et al., showed that PCL/collagen composites fabrication by 

electrospinning were able to withstand physiological arterial vascular conditions in 

a bioreactor and allowed for controlled degradation during remodeling processes in-

vivo [29], [42].  

1.3.2 Fabrication of Vascular Scaffolds 

Electrospinning is a well-known technique used for producing nanometer and 

micrometer scale fibers. Since, electrospun fibers mimic the native ECM well in 

terms of morphology and scale, this technique has been used to produce scaffolds 
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particularly in the field of vascular, nerve, bone, and tendon/ligament tissue 

engineering [43], [44]. The process involves using electrostatic forces to produce 

fibers. A typical electrospinning set up that produces consistent mesh thicknesses, 

shown in Figure 1, consist of a syringe pump loaded with a polymer solution that a 

voltage is applied to. The system is then grounded at the collecting metal mandrel 

where fibers are collected. The syringe pump is used to drive the polymer solution 

out of the syringe needle at a controlled dispensation rate. The high DC voltage 

applied to the syringe needle induces a charge in the solution, which induces a 

repulsion between similar charges in the solution [44]. A Taylor cone is formed when 

the electrical forces are balanced by the polymer surface tension [45]. When the 

forces exceed that balance, a fiber jet is ejected from the Taylor cone and accelerates 

to the grounded mandrel.  

 Many parameters in electrospinning determine the morphology and 

formation of the fibers such as the voltage levels, rotation speed, polymer solution 

concentration, dispensation rate, polymer surface tension, conductivities of the 

solution and solvent, and the distance between the polymer source and collection 

mandrel. Altering these parameters can allow for fiber alignment or even change the 

fiber diameters ranging from 100 nm to 5 µm [44]. 
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Figure 1: Schematic of an electrospinning apparatus with a syringe filled polymer 

solution loaded into a syringe pump, DC power supply, and a rotating and translating 

collecting aluminum mandrel. 

In our study, blended scaffolds were prepared by electrospinning synthetic 

scaffolds containing naturally derived proteins. When processing a composite 

scaffold material, it is important to know the distribution of the component materials 

as that will have an effect on surface topography and cell-scaffold interactions.  Phase 

separation is known to occur in the electrospinning process and can account for 

differences of material distribution within the composite structure [46]. Along with 

incorporating materials with electrospinning, the choice of solvent and solvent 

concentration can also affect the crystallinity of polymers. Hartman et al. showed 

that incorporating an amorphous polymer (gelatin) and 1,1,1,3,3,3-hexafluoro-2-

propanol had the effect of reducing the degree of crystallinity in PCL scaffolds [47].  

Overall, the exact effects of electrospinning, as with any other processing techniques, 
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need to be better characterized to create an efficient model for vascular tissue 

engineering.  

1.3.3 Bioreactors for Vascular Tissue Engineering 

Blood vessels are subjected to radial and distention mechanical forces and also cyclic 

mechanical strain due to the pulsatile flow of blood throughout the body. Smooth 

muscle cells (SMCs) and endothelial cells (ECs) grown in vitro, outside the body, 

with conventional techniques may not be completely functional due to reverting to a 

synthetic phenotype. Initially, a synthetic phenotype is desired so that tissue 

deposition can occur, but a long term synthetic phenotype is not ideal for vascular 

engineering applications.  Bioreactors designed for vascular tissue engineering 

should focus on design parameters to which cells should be exposed in order to 

proliferate and to regenerate tissue efficiently [48]. Utilizing bioreactors for 

engineering blood vessels under mechanical stimulus conditions resulted in 

enhanced mechanical strength, collagen production, or blood vessel patency in some 

studies [25], [49]. In a particular study, SMC seeded poly(lactide-co-caprolactone) 

(PLCL) composite scaffolds were utilized as three dimensional cell culture substrates 

to culture vascular smooth muscle cells dynamically. Western Blot results for α-

smooth muscle actin showed that the mechanically active culture condition exhibited 

an increased expression of 2.5 fold compared to the statically cultured tissue [50]. 

However, the study mentioned used static cell seeding techniques rather than 
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dynamic cell seeding alternatives. It can be advantageous to develop a cost-effective, 

reliable, and efficient dynamic cell seeding technique that increase cell seeding 

efficiency, uniformity, and/or penetration of the scaffold material [51]. The two main 

methods of dynamic cell seeding that are highly investigated are the use of 

hydrostatic forces (e.g. rotational seeding) and pressure differentials (e.g. vacuum 

seeding) [52]–[54]. In literature, dynamic rotational seeding and culture appeared to 

be promising for graft constructs with a tube like structure; however, perfusion 

systems better mimic the physiological conditions that the native vessel experiences 

[52], [55]. Combining a dynamic cell-seeding method and a vascular conditioning 

system while exposing cellular surfaces to pulsatile flow can induce ECM 

remodeling and ultimately produce viable vascular tissue. Understanding the effects 

of vascular tissue remodeling is essential in tissue engineering to achieve this 

outcome. 

1.4 Vascular Scaffold Remodeling  

The native vessel is composed of an anti-thrombogenic luminal surface lined by ECs 

and a thick external media composed primarily of vascular SMCs. Under 

physiological conditions, platelets circulate in close proximity to the vascular walls 

but do not interact with ECs [42]. The sequence of events following implantation of 

bioresorbable polymers may include, but are not limited to, de-endothelialization, 

fibrin deposition, infiltration of inflammatory cells, oxidative stress, and foreign 
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body reactions, which could hinder the repair process [56]. In response to a foreign 

body, such as a vascular graft, platelet adhesion may occur which typically lead to 

thrombosis [57]. Von Willebrand factor (vWF) is often used in histological staining 

to confirm the presence of platelet adhesions and endothelialization. Along with 

platelet adhesion, macrophage phenotype can modulate remodeling of vascular 

grafts. Macrophage phenotype can be either pro-inflammatory (M1) or 

immunomodulatory or tissue remodeling (M2c) [58]. M2 macrophages express can 

express CD68 and CD163 surface markers, which can be verified using Real-Time 

Polymerase Chain Reaction (RT-PCR). Badylak et al. showed in their study of 

decellularized ECM biological tissues that strategies for tissue engineering that 

promote an M2 response are associated with a favorable remodeling response [59]. 

However, a long-term M2 response is unfavorable and can lead to fibrous 

encapsulation. 

 The proliferation, differentiation, and protein synthesis of vascular SMCs is 

important in vascular remodeling. Smooth muscle cells can exhibit a phenotype 

somewhere on a spectrum from synthetic to contractile. Type I collagen has been 

shown to promote the contractile phenotype of SMCs and cell adhesion and 

migration in other cell types [60]. Not only does ECM composition modulate the 

response of SMCs, but organization is a factor as well. Li et al., showed that SMCs 

expression of α-smooth muscle actin in a 3D collagen matrix was slightly lower than 

in the 2D system [60]. It is important to understand remodeling of vascular scaffolds, 
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but difficult to detect without destructive histological assays. To assess remodeling 

within electrospun meshes for vascular tissue engineering, dispersive Raman 

spectroscopy will be used along with data processing techniques to analyze initial 

mesh compositions and potential remodeling after cell culturing.  

1.5 Raman Spectroscopy 

Raman spectroscopy is a vibrational spectroscopic technique that has been used to 

assess biological tissues and chemical composition. This spectroscopy method is 

advantageous over other analytical spectroscopy techniques due to its ability to study 

living tissue non-destructively with little to no sample preparation [61]. In Infrared 

(IR) spectroscopy, water is highly absorbent in the IR region that is the biological 

relevant area of the spectrum. However, the biological “fingerprint” region using 

Raman between 500 and 2000 cm-1 retains its sensitivity in the presence of water 

[25]–[26]. Raman spectroscopy is based on the principle of the “Raman Effect”, 

which is due to the change of energy from the incident light molecules. The “Raman 

Effect” takes place through light-matter interactions where the light is either 

scattered or absorbed, which creates an exchange in energy and was first observed 

by C.V. Raman in 1928 [27]–[28]. This is an inelastic light scattering process 

whereby a very small proportion of incident photons are scattered (~1 in 108 photons) 

with a corresponding change in frequency [65]. This change in energy or Raman shift 

is due to inelastic scattering processes such as Stokes or anti-Stokes scattering where 
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molecular vibrations occur due to the response of the incident photon excitation, 

which produces an emitted photon with a difference in wavelength and frequency 

(Fig. 2)  [2]. 

 

Figure 2: Different possibilities of light scattering. Rayleigh scattering with no 

exchange of energy. Stokes (Raman) scattering where a molecule or atom absorbs 

energy and the scattered photon has less energy than the incident photon. Anti-Stokes 

(Raman) scattering has the opposite effect. 

Typically, a Raman spectrometer setup includes a laser source that is projected 

onto a sample and then filtered to remove Rayleigh scattering, which dominates light 

scattering processes, in order that the Raman scattered light can be detected in order 

to produce a Raman spectra of the sample (Fig. 3). The specific molecular structure 
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of a sample can be obtained from the change in energy of the incident photons from 

the photons detected by the spectrophotometer, and the resulting information is 

usually displayed as a Raman spectrum with Raman shifts (cm-1) plotted against the 

intensity of the vibrational modes.  

 

Figure 3: Schematic of a typical Raman spectrometer setup and light path from a 

near-infrared laser source to a sample, and from the sample to the CCD detector. 

 

1.6 Raman Processing Techniques 

Due to the large data sets that Raman spectroscopy provides, further processing 

techniques are often needed to extract significant information from Raman results. 

Multi-variate statistical analysis techniques have often been used to process Raman 

spectral datasets. Principle component analysis (PCA) has been used previously as a 
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multi-variate technique to analyze spectral data sets. PCA is often used as a 

preliminary pre-processing methods that can define components that contribute to 

about 95% of the variance with the dataset. This technique reduces the 

dimensionality of the data and produces principle components that are used to 

represent the data. This has been done previously in many applications for the in 

vitro study of living cells and tissues [1], [66]. The first principle component 

represents the largest amount of variance that is present within the data set, with the 

second component accounting for the second largest amount of variance. Linear 

Discriminant Analysis (LDA) is often used in conjunction with PCA to maximize 

the variance between groups. These classification techniques have been used 

together and have contributed to the application of Raman spectroscopy for cancer 

detection [67]–[69]. Multi-variate factorial analysis (MFA), similar to PCA, is a 

technique for reducing the complexity of high-dimensional data. While PCA focuses 

on the variability between groups of data, MFA uses correlation as a factor between 

groups of data. MFA uses the principle that an unobserved variable exists that is 

linearly relatable to data sets and is defined as the correlation between them [70]–

[72]. There are many benefits of using MFA such as the ability to work with non-

orthogonal variables and the ability to rotate the feature space. The main goal of this 

analysis technique is to estimate and extract these factor loadings from the set of 

provided data.  
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1.6.1 Biomedical Applications of Raman Spectroscopy 

Raman spectroscopy has certain advantages over commonly used optical techniques 

such as relative insensitivity to tissue water contents, adequate spatial resolution  and 

rapid spectral acquisition times (seconds to minutes) [65], [73], which justifies its 

increasing attractiveness for vascular tissue engineering applications [63], [74].  

Recently, Raman spectroscopy has been used as a non-destructive diagnostic 

tool in cancer detection [65], [75], [76] and identification of malignancy at different 

stages of neoplasia in cells. Chan et al. performed cancer studies using Raman on 

individual, live cells in suspension and characterized chemical changes between 

single normal and transformed hematopoietic cells using Raman spectroscopy [1]. 

The spatial variation within one single cell was also characterized and evaluated. In 

that study, PCA was used for spectral analysis and was able to classify the cells into 

separate clusters for highly sensitive cancer cell detection and discrimination.  

Currently, there are no in-vivo techniques available that are able to adequately 

determine atherosclerotic plaque in terms of its chemical composition [77], [78]. A 

study performed by Buschman et al. demonstrated that Raman spectra can be 

obtained from the vessel wall in vivo by using intravascular transluminal Raman 

spectroscopy with spectrometers fitted with dedicated optical fiber probes [73]. 

Raman technology has reached a point where in vivo applications can be applied to 

identify the presence of cholesterol, lipids, and calcifications in atherosclerotic 
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lesions [74], [79]. Raman can be coupled with other medical imaging techniques such 

as intravascular ultrasound to obtain simultaneous collection of chemical and 

morphological information so that vascular inhomogeneity can be taken into account 

[74]. Intravascular Raman spectroscopy is a promising future application of the study 

we are performing here. However, to use Raman in vivo for TEVGs, multiple 

biomaterial-related challenges are presented depending on the compositions of the 

vascular scaffolds. 

 Analysis of biological tissues using Raman spectroscopy has been performed 

to assess tissue mineralization. One particular study applied Raman to assess the 

degree of mineralization across the tendon–bone insertion site in the shoulders of rats 

[80]. Raman results showed that the well-known 960 cm-1 peak of hydroxyapatite 

group experiences an increase of band narrowing, which suggests crystalline 

ordering as the degree of mineralization increases within the tendon tissue. This peak 

has been used in our previous work to detect mineralization in scaffolds used for 

vascular tissue engineering. One challenge that we experienced was also discussed 

in the work done by Wopenka et al., where they experienced band overlapping, 

specifically in their study, with mineral and organic phase material [80]. Some 

studies have utilized Raman spectroscopy to characterize biodegradable polymers 

used in tissue engineering such as polymethylmethacrylate (PMMA), PUs, and PCL 

[47], [81], [82]. Nandagawali et al. showed that Raman can be used to quantify the 

volume fraction of tyrosine-derived polycarbonate-based biodegradable constructs, 
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PMMA, and bone composites post implantation after 24 weeks [81]. This study 

showed the feasibility of using Raman along with multivariate K-means data 

clustering to discriminate between different polymer species. Although that study 

showed the ability to differentiate between the initial scaffold compositions for high 

scattering material blends, they did not account for any cellular or ECM remodeling 

effects that may have occurred during the in-vivo processes. Overall, it is important 

to be able to detect changes in polymeric scaffold compositions with naturally 

derived materials incorporated to better understand the remodeling and degradation 

response. The further development of Raman techniques to monitor biological 

structures on a molecular level will result in useful methodologies to reform the field 

of tissue engineering.  

1.7 Strategy 

The overall goal of this study was to use dispersive Raman spectroscopy to assess 

initial protein content and detect remodeling within tissue engineering vascular 

grafts. Electrospun PCL, PCL/collagen and PCL/fibrinogen meshes were tested 

along with the effect of samples being incubated, not incubated, and cultured with 

cells. It was hypothesized that using this spectroscopy method along with further 

processing techniques would be able to detect remodeling within tissue engineered 

constructs. Raman spectroscopy has not been applied yet to assess remodeling in 

tissue engineered constructs with high and low scattering components due to the 
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synthetic and natural polymer incorporation. The approach was to use Raman along 

with further processing techniques and supporting biological and biochemical assays 

to determine potential graft remodeling. Determination of hydroxyproline content 

was performed for all mesh conditions, including cultured samples, to identify a 

remodeling response. Also, µ-BCA assay was performed to validate protein peaks 

from the Raman analysis. Since, there is little to no needed sample prep when taking 

Raman acquisitions, this gave the option to investigate whether Raman could be 

feasible to quickly determine mesh and ECM remodeling within the same TEVG 

over time. Further processing techniques such as principle component analysis 

(PCA) and multi-variate factorial analysis (MFA) were done to reduce the 

dimensionality of the Raman data to extract factors from the data that relate to the 

variance contribution. The goal of using these analysis techniques was to distinguish 

between different conditions which is difficult otherwise due to the high scattering 

PCL component.  
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Chapter 2:  

Materials and Methods 

 

2.1 Materials 

Fisher Scientific was the source of all materials, disposables, and chemicals that were 

purchased unless otherwise specified. PCL (inherent viscosity 1.0-1.3 dL/g) was 

purchased from Lactel Absorbable Polymers (Birmingham, AL). Collagen Type I 

(derived from calf skin) was purchased from Elastin Products Company, Inc. 

(Owensville, MO).  Fibrinogen Type I-S (derived from bovine plasma) was 

purchased from Sigma-Aldrich (St. Louis, MO). All antibodies were purchased from 

Abcam (Cambridge, MA) and all primers were purchased from Life Technology 

(Grand Island, NY).  

2.2 Synthesis of Electrospun Meshes 

Electrospun meshes were prepared by electrospinning 100% PCL, 90/10% (w/w) 

blends of PCL/collagen and PCL/fibrinogen. Electrospinning solutions of 13% (w/v) 

and 15% (w/v) were made by dissolving pure PCL and 90/10% (w/w) PCL/collagen 

respectively in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). An 18% (w/v) 

PCL/fibrinogen solution was made by using a 9:1 volume ratio of HFIP to Dulbecco's 
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Modified Eagles Medium (DMEM). DMEM was used as part of the solvent since 

fibrinogen is water soluble and not soluble in pure HFIP.  The electrospinning 

parameters for all three conditions remained consistent throughout mesh preparation. 

The parameters included a 0.8 mL/hr flow rate, 10 cm throw distance, 22 gauge 

needle, and a 15 kV voltage potential. A slowly rotating (< 100 rpm) and translating 

aluminum mandrel was used as a collector to ensure similar mesh thicknesses and 

random fiber orientation. All meshes were cut into circles to have a surface area of 

3.8 cm2 and sterilized using ethylene oxide. Mesh thicknesses were measured from 

light images using ImagePro Premier® software with n = 1 sample / condition and 3 

different spots / sample. 

2.3 Mesh Characterization 

2.3.1 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was used to obtain images to determine fiber 

diameter and orientation. Electrospun meshes were mounted on an aluminum stub 

and then sputter coated with gold. These meshes were then imaged in a JEOL 6308-

LV SEM (Peabody, MA) with a working distance of 10 mm at 5 kV accelerating 

voltage. The average fiber diameter for each mesh condition was quantified from the 

acquired SEM images using ImagePro Plus® software (Media Cybernetics, 

Bethesda, MD).  
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2.3.2 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) (Physical Electronics 4500 ESCA) was 

used as a surface technique to measure the elemental composition and to confirm the 

incorporation of protein in the prepared electrospun meshes.  A magnesium filament 

was used operating at a 15 kV voltage potential to use the N1s peak to confirm the 

presence of proteins. High resolution spectra was obtained using the AugerScan 

software (Rbd Instruments, Bend, OR) with a 0.1 eV step size and a 35.7 eV pass 

energy.  The C1s, O1s, and N1s peaks were collected using 5, 5, and 20 sweeps, 

respectively. 

2.4 Cell Culture 

2.4.1 Cell isolation, seeding, and culture 

SMCs were isolated with IACUC approval from the intima media of the abdominal 

aortae of healthy rats. Isolation procedures were adapted from Gacchina et al. [83]. 

Complete media was used in all cell culture studies and it contained DMEM with 

high glucose supplemented with 10% fetal bovine serum (FBS), 1% penicillin-

streptomycin, and 1% L-glutamine. Prior to cell seeding or incubation, all mesh 

samples were dipped in 70% ethanol and washed with PBS to ensure a wetted 

surface. All cells were grown in a humidified incubator at 37 ˚C and 5% CO2. SMCs 

were seeded at a density of 7,500 cells/cm2 onto the surface area of the electrospun 
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meshes that were placed within 12-well plates for all cell culturing studies.  Cells 

were cultured on meshes for 7 or 21 days in complete media before being collected 

for assessment of cell density, cell phenotype, and matrix remodeling.  Control 

samples were incubated with complete culture media but without cells for the same 

time points previously mentioned. 

2.4.2 Cell density 

DNA quantification with Hoechst 32258 was performed using an assay previously 

described by Labarca and Paigen [84].  Samples were read in a plate reader at 

355/460 nm excitation/emission and compared to a standard curve.  Cell densities 

were calculated based on an estimation of 6 pg of DNA per cell [84].  

2.5 Cell Culture 

2.5.1 PCR 

Gene expression of SMCs seeded on meshes was determined using real time-PCR.  

Meshes were cut into small pieces, transferred to RLT buffer (Qiagen, Vanecia, CA) 

with 1% β-mercaptoethanol, centrifuged, and the supernatant was used for RNA 

isolation.  The remainder of the RNA isolation procedure was performed using an 

RNeasy® Mini Kit (Qiagen) according to the manufacturer’s instructions. RNA was 

quantified using a RiboGreen assay (Invitrogen, Grand Island, NY) and a fluorescent 

plate reader (SpectraMax M2; Molecular Devices, Sunnyvale, CA). The same 

amount of RNA, 50 ng, was used for reverse transcription with an iScript® cDNA 
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kit (Bio-Rad Laboratories, Hercules, CA) according to the manufacturer’s 

instructions.  RT-PCR was performed on a Bio-Rad MyIQ Real-Time PCR System 

(Bio-Rad) using Power SYBER®-Green Master Mix (Life Technologies, Grand 

Island, NY) with added fluorescein (1:100 dilution in the Master Mix). Calponin 

(Cnn1) and α-smooth muscle actin (Acta2) were assessed as markers of contractile 

SMCs, and thrombospondin (Thbs2) was assessed as a synthetic SMC marker [85].  

Runx2, osteopontin (Spp1), and alkaline phosphatase (Alpl) were assessed as markers 

for SMC activation and mesh mineralization [86]. The reference gene was 18s 

ribosomal RNA. Table 1 shows the primer sequences, which includes previously 

published sequences as well as ones newly designed using PerlPrimer [87]–[89].  

Gene expression was reported as 2-ΔΔCt after analysis with the comparative cycle to 

threshold method [90]. 

Table 1: Primers used for RT-PCR. 

Gene Forward primer sequence Reverse primer sequence Ref. 

Rn18s GGGAGGTAGTGACGAAAAATAACAAT  TTGCCCTCCAATGGATCCT  [89] 

Spp1 TAAGCAAGAAACTCTTCCAAGC AGGACTCATCAGATTCATCGG [88]  

Thbs2 CAGATCAGATGGATCAGGAC GTTGGAGTTGGAGATGTATGG [88] 

Cnn1 CACCAATCATACACAAGTTCAGTC CTTATTGGTGCCCATCTGTAGG 
 

Acta2 ATAGAACACGGCATCATCAC GTCTCAAACATAATCTGGGTC [88] 

Runx2 CTAGTTTGTTCTCTGACCGCC TCTGCCTGGGATCTGTAATCTG 
 

Alpl CTAGACACAAGCACTCCCAC TGTTCCGATTCAACTCATACTG 
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2.5.2 Immunofluorescence 

SMCs were characterized using immunofluorescence (IF) staining to assess their 

phenotype at the protein level.  Briefly, samples were rinsed with PBS, fixed in 4% 

EM-grade formaldehyde (Electron Microscopy Sciences, Hatfield, PA), 

permeabilized in 0.1% Triton X-100, blocked with 5% (v/v) goat serum in phosphate 

buffered saline (PBS), and labeled with the appropriate antibodies (1:100 dilution) 

in 1% goat serum (v/v) in PBS.  The meshes were incubated at 4° C overnight prior 

to staining with the appropriate secondary antibody, anti-rabbit or anti-mouse Alexa 

633 (Life Technologies, Grand Island, NY), and mounted with Vectashield DAPI 

mounting media (Vector Laboratories, Burlingame, CA). Samples were analyzed 

using an inverted fluorescent microscope (Axio Observer A1, Carl Zeiss 

Microscopy, Thornwood, NY) with a CoolSNAP MYO (Photometrics, Tucson, AZ) 

CCD camera and processed using Image Pro Plus® software.  For each antibody, 

brightness and contrast were adjusted equally for all images, including the no 

primary antibody negative controls.  For semi-quantification, a blinded analysis of 

the immunofluorescence images was performed by three individuals to determine an 

unbiased relative intensity of expression on a scale of 0 to 5, with 0 representing no 

expression and 5 indicating the highest relative expression for the particular culture 

time. 
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2.6 Raman Spectroscopy 

Raman spectroscopy was used to characterize mesh conditions without incubation, 

incubated in cell culture media, and cultured with cells. Cultured meshes were 

prepared using fixation and permeabilization procedures that are consistent with 

those used for the IF analysis. The cultured meshes were fixed with formaldehyde, 

permeabilized with Triton X-100, and stained with Alexa 488 phalloidin (Life 

Technologies) prior to Raman analysis. All meshes were placed on MgF2 disks to 

prevent background scattering. To prevent the meshes from drying out, a small 

amount of PBS was added to the petri dish that contained the MgF2 disks. A 

Renishaw InVia microscope and Wire 4.2 software were used to take 10 single 

representative spectra from various locations across each sample. These spectra were 

taken using a 40x objective and 30 s exposure at 100% laser power with a 785 nm 

diode laser, and scattered photons were collected via a deep-depleted CCD detector. 

Raman spectra for controls representing pure components of the blended meshes 

were prepared and analyzed the same way as the blended meshes except they were 

placed on a pure aluminum slide to prevent background scattering and the 60 spectra 

were obtained from 1 sample / condition. The controls for pure collagen were films 

cast from an HFIP solution and meshes processed with electrospinning (5% w/v 

solution in HFIP). Controls for pure fibrinogen were a fibrinogen solution in PBS 

and films cast from a 9:1 HFIP to DMEM solution.   
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Analysis of Raman spectra was performed three different ways: through semi-

quantitative integration of individual relevant peaks, through spectral subtraction 

analysis, and with MFA analysis of components based upon the spectral fingerprints. 

To quantify peak area, the peak of interest was integrated using Wire 4.2 software 

for each spectra with the exception of the 1550 cm-1 peak that was integrated using 

Excel. The peaks were 740 cm-1 (integrated from 735-765 cm-1), 960 cm-1 (integrated 

from 940-972 cm-1), 1040 cm-1 (integrated from 1030-1055 cm-1), 1440 cm-1 

(integrated from 1430-1450 cm-1), and 1550 cm-1 (integrated from 1540-1570 cm-1). 

Results were normalized to the intensity of the predominant PCL peak at 1110 cm-1. 

Spectral subtraction was performed by subtracting the averaged spectra for 

incubated PCL meshes from the averaged spectra for blended meshes. MFA was 

performed on the Raman spectral data to reduce the dimensionality of the data and 

obtain component scores and loadings that explain the variance between the different 

groups. The MFA analysis was based upon method developed by Jain et al. [91]. 

Prior to performing MFA, a preliminary Principal Component Analysis (PCA) was 

performed on the Raman spectra data and it was determined that three components 

contributed to 95% of the cumulative variance. For MFA analysis, all spectra were 

normalized and mean-centered. The combination of these techniques allowed us to 

assess the capabilities of Raman spectral analysis to evaluate this biomaterial system 

and the need for implementing specific analysis techniques when both high and low 

scattering cross-section coefficient components were present.   
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2.7 Biochemical Assays 

2.7.1 Determination of Hydroxyproline Content 

Initial mesh composition and ECM remodeling were characterized using a 

hydroxyproline (Hyp) colorimetric assay to assess Hyp content after a 21 day 

incubation time with and without cells. Standards were prepared by using a stock 

solution of 1 mg/mL of trans-4-Hydroxy-L-proline in deionized (DI) water. Samples 

were hydrolyzed using hydrochloric acid solution (HCl) (6N) at 115˚C for 3 hours, 

and then the HCl was evaporated. The hydrolysate was then dissolved in 100 µL of 

DI water to give a concentration less than 300 µg/mL of Hyp. For the Hyp assay, 

chloramine-T reagent was added to all samples, vortexed well, and allowed to sit 

room temperature for 20 minutes. Then an equal volume of Ehrilich’s reagent (p-

dimethyl-amino benzaldehyde/n-propanol/70% Perchloric acid solution) was added 

to all samples and standards and placed in a 60˚C heater block for 20 minutes. 

Samples were then read in a plate reader at an absorbance of 558 nm. 

2.7.2 µ-BCA Assay 

Quantification of total protein in PBS samples from mesh incubation was assessed 

using a Pierce™ Mirco BCA™ Protein Assay Kit, which is a detergent compatible 

bicinchoninic acid (BCA) formulation for the colorimetric detection of protein. The 

manufacturer’s microplate procedure was used with a working range of 2-40 µg/mL 

with bovine serum albumin (BSA) standards.  This method of protein detection uses 
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as the detection of Cu+1, which is formed when Cu+2 is reduced by peptide bonds in 

protein (i.e. cysteine, cysteine, tryptophan and tyrosine) in an alkaline solution [92]. 

Meshes were incubated in PBS without cells for 21 days. The PBS was collected 

from all samples at multiple time points (3, 9, 15, and 21 days) and stored in -20˚C 

prior to assay execution. Samples were then read in a plate reader at an absorbance 

reading of 562 nm. 

2.8 Statistics 

All data are expressed as mean ± standard deviation with the exception of the RT-

PCR results, which are presented as mean ± standard error.  Reproducibility was 

verified by performing a replicate study for all assays with different cells and sets of 

electrospun meshes.  A total of n = 6 samples/condition were used for DNA and RT-

PCR, and for the Hyp assay.  The IF blinded study was the average of 3 images / 

mesh condition for 3 individual’s scores.  Peak integration for Raman spectroscopy 

was performed on 10 spots for each sample with n = 6 samples/condition. A total of 

n = 5 samples/condition were used for µ-BCA assay. Statistical analysis was 

performed using JMP (JMP® Statistical Discovery from SAS, Cary, NC) software. 

Significant differences were determined with two-way ANOVA, except for IF image 

quantification which required one-way ANOVA. A posthoc Tukey-Kramer test was 

used for multiple comparisons and a p-value of <0.05 was considered statistically 

significant.   
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Chapter 3:  

Results and Discussion 
 

3.1 Electrospun Mesh Characterization 

Electrospun meshes were prepared for all conditions with comparable fiber diameters 

by adjusting the solution concentration (w/v). Meshes were prepared with average 

fiber diameters for all conditions less than 1 µm and random fiber alignment (Fig. 

4).  For individual conditions, the mesh diameters are 0.92 ± 0.39 µm for PCL, 0.75 

± 0.19 µm for PCL/collagen (90/10% w/w), and 0.63 ± 0.20 µm for PCL/fibrinogen 

(90/10% w/w). Some beading occurred within the fibers with the incorporation of 

fibrinogen but was not present within the other mesh conditions. This may be due to 

inhomogeneity of the PCL/fibrinogen solution prior to electrospinning. Thicknesses 

for different mesh conditions were kept similar to avoid changes in the scattering 

volume. This is an important parameter to control as it would allow for more 

comparable results for Raman spectra analysis. The thickness of the meshes ranged 

from 60.3 to 88.9 µm for individual images, and the thicknesses for different mesh 

conditions were comparable. 
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Figure 4: Shown are SEM images at 5,000x of meshes composed of a (A) 100% 

PCL control, (B) 90/10% PCL/collagen blend, and (C) 90/10% PCL/fibrinogen 

blend. 

The composition of the electrospun meshes was characterized with both 

dispersive Raman Spectroscopy and XPS. Baseline Raman spectra were measured to 

determine the spectral fingerprint of each individual pure material processed in a 

similar manner to the blended meshes, including an electrospun PCL mesh, 

electrospun collagen mesh, and a cast fibrinogen film in a 9:1 ratio of HFIP to 

DMEM (Fig. 5A). Peaks of interest were identified for each pure control material. 

Collagen and fibrinogen exhibited similar relative intensities greater than the pure 

PCL control for general protein peaks at approximately 740 cm-1 and 1040 cm-1. The 

740 cm-1 peak can be attributed to major tryptophan and general protein assignment 

[93].  Collagen along with fibrinogen contain similar amounts of glutamic acid 

content, which gives minor contributions to the 740 cm-1 peak intensity as well [94]. 

In addition, the high intensity in the 1040 cm-1 region where a minor phenylalanine 

peak is located as previously mentioned, can be attributed to stretching within C-N 
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and C-O, which is indicative of protein incorporation [1], [95]. A high scattering 

narrow 1110 cm-1 peak was found in pure PCL and indicates C-C skeletal stretching 

[47]. The peak being narrow indicates that  PCL exhibits a crystalline structure [47]. 

This high scattering peak was used as a normalization factor of the Raman data.  A 

phenylalanine assignment was found at 1004 cm-1, where there was a strong 

assignment there for pure fibrinogen in comparison to pure collagen [93], [95], [96]. 

At approximately 1550 cm-1, a high scattering peak was observed for pure fibrinogen 

but not pure collagen. Raman spectral fingerprints of the electrospun meshes used 

throughout the study were also determined to compare each mesh condition prior to 

cell seeding in its non-incubated condition (Fig. 5B). 
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Figure 5: Raman spectra for (A) the pure materials. Protein peaks were identified at 

~740, ~1040, and ~1550 cm-1.  Raman spectral fingerprints for (B) blended meshes 

with 10% protein incorporation and the 100% PCL control. The spectra were 

normalized to 1110 cm-1 PCL peak. 

The comparison of the pure materials mentioned in Figure 5A with other 

control samples with certain processing steps omitted (i.e., a cast collagen film and 

a concentrated fibrinogen solution) show that there are some differences in intensity 

of prominent peaks with processing. These differences include a more prominent 

1455 cm-1 peak when pure collagen is electrospun, potentially due to deformations 
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of CH2 in proteins [93] (Fig. 6A). Our results indicate that there is a shift in this 

maximum CH2 peak from 1440 cm-1 in the 100% PCL control to 1455 cm-1 in the 

pure protein controls (Fig. 6A-C). However, the 740 cm-1 and 1040 cm-1 peaks 

remained prominent independent of processing, and the 1550 cm-1 peak is present 

for fibrinogen in both processed forms (Fig. 6B). For pure materials, the 1550 cm-1 

peak stood out as a fibrinogen specific peak, likely because of high tryptophan and 

amide II modes which are prevalent in fibrinogen and fibrin [91], [95]. The amide II 

region is mainly attributed to N-H in plane bending which is also found in collagen’s 

molecular structure [97]. Other Raman bands were also observed such as the amide 

III region from 1200 cm-1 to 1300 cm-1, which appeared to have a strong vibrational 

band [91], [95], [98]. Specifically, the 1280 cm-1 peak appeared to be a high 

scattering peak for both collagen and fibrinogen in comparison to the pure PCL 

control, which can be indicative of the polypeptide backbone present in proteins [91], 

[99].  
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Figure 6: Representative Raman spectra for (A) pure collagen film and mesh 

controls and (B) pure fibrinogen liquid and cast controls. (C) Representative Raman 

spectra are also shown to compare PCL surfaces that are non-incubated, incubated 

for 21 days, and cultured for 21 days. 

For blended meshes, the identifying peaks were not as clear as with the pure 

materials. For example, this can be visualized with the 1550 cm-1 peak losing its 

intensity from pure fibrinogen when incorporated into PCL (Fig 5B). This can be 
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attributed to the high scattering characteristics of PCL and may be less detectable in 

early cellular remodeling when small amounts of ECM is deposited. However, it was 

clear that there was an increase in the 740 cm-1 peak for PCL/collagen and 

PCL/fibrinogen blends compared to 100% PCL even with the small incorporation of 

proteins. The ability to further differentiate collagen from fibrinogen was more 

difficult when in blended mesh conditions. It is also a goal of this study to detect 

small amount and changes in protein incorporation to fully understand the 

remodeling response these materials will elicit. Further analysis such as peak 

integration was done to better analyze these differences with protein incorporation.  

XPS was also performed to characterize the mesh compositions, which is a 

spectroscopic surface technique that assesses depths up to 5 nm [100]. The intensity 

for individual conditions, such as fibrinogen, was normalized to the C1s peak (Fig. 

7A-C). We demonstrated that negligible fibrinogen content was on the surface of the 

fibers by considering the N1s peak, which is indicative of proteins, from XPS 

analysis. This showed that negligible fibrinogen was present on the surface of the 

PCL/fibrinogen condition (i.e., an integrated area of 0.17%). However, fibrinogen 

was found within the mesh based upon confirmation of multiple protein peaks with 

the Raman analysis (e.g., 740, 1040, and 1550 cm-1). The integrated area of the 

normalized O1s peaks indicates that fibrinogen has a higher presence of oxygen on 

the surface compared to PCL/collagen (44.47% vs. 37.08%) and slightly higher 

percent compared to PCL (44.47% vs. 43.55%) (Fig. 7B). The slight increase in the 
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O1s peak area for PCL/fibrinogen may allude to the presence of glucose and other 

DMEM media components from the electrospinning solution that were not 

evaporated off. This explanation may coincide with an observation made during 

electrospinning in which PCL/fibrinogen meshes seemed to stick to the drum during 

the removal process. From previous published results, the C1s sub-peak 

representative of C bound to O or N (integrated from 287.4-290 eV) for 

PCL/fibrinogen meshes had an integrated area of 4.41% [101].  Along with possible 

inhomogeneity in the PCL/fibrinogen solution, phase separation is known to occur 

with electrospinning. Verreck et al., showed that a phase separation between the 

water soluble drug and the polyurethane carrier can occur with electrospinning, 

which affected their controlled release of drugs [46]. Although the collagen 

distribution within the fibers is not currently known [102], collagen was found on the 

surface of PCL/collagen blends, which is different than the distribution in fibrinogen 

containing samples.  
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Figure 7: XPS analysis was performed for the (A) C1s, (B) O1s, and (C) N1s peaks, 

and data was normalized to the maximum C1s peak. Only PCL/Fibrinogen mesh 

conditions are shown for XPS except for the O1s peak that shows changes in intensity 

from collagen to fibrinogen containing blends. 

 

3.2 Raman Analysis of Remodeling 

Integration of individual Raman peaks of interest was performed to semi-

quantitatively detect differences in response for meshes with different initial 

compositions (Fig. 8). Several difference were observed between individual 

conditions as noted on the graphs, but the text below focuses on the two-way 

ANOVA analysis with composition and processing step as the two factors with the 

corresponding levels (e.g., non-incubated, incubated, and cultured for the processing 

step factor) unless otherwise noted. Quantification of peak area for the 740 cm-1 and 

1040 cm-1 protein peaks reveal significant increases from 100% PCL conditions to 

PCL/collagen and PCL/fibrinogen conditions (p-values < 0.0001) (Fig. 8A-B). For 

the 1440 cm-1 peak, which is more prominent in pure PCL, integration showed a 
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statistical decrease for the protein containing conditions compared to 100% PCL (p-

value < 0.0001). The 1440 cm-1 peak area for PCL/fibrinogen was also statistically 

lower than PCL/collagen (p-values < 0.0001) due to the differences in their 

molecular structure  (CH2 deformation) (Fig. 8C). Finally, there were significant 

differences for the 1550 cm-1 peak. The results showed that the combined 

PCL/fibrinogen conditions exhibited a larger 1550 cm-1 peak area than the combined 

100% PCL (p-value < 0.0001) and combined PCL/collagen conditions (p-value = 

0.0013) (Fig. 8D). However, individual comparisons demonstrated that the non-

incubated and incubated without cells fibrinogen sample conditions exhibited 1550 

cm-1 peak areas that were comparable to the respective PCL/collagen conditions. The 

incubated condition for PCL/fibrinogen was also comparable to the 100% PCL 

incubated. It was only the cultured with cells PCL/fibrinogen samples that has a 

higher peak area than the corresponding PCL/collagen samples (p-value = 0.0117).  
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Figure 8: Integration of Raman spectral peak areas of interest for electrospun meshes 

that were non-incubated, incubated in media for 21 days, and seeded with SMCs and 

incubated in media for 21 days. Peak integration was performed at (A) 740 cm-1, (B) 

1040 cm-1, (C) 1440 cm-1, and (D) 1550 cm-1. Statistical difference between 

individual conditions noted by: (#) from respective non-incubated condition, (*) 

from corresponding PCL control, (@) from respective incubated condition, and (&) 

from corresponding PCL/collagen condition. 
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There were additional differences noted in integrated peak areas for samples 

that were not incubated, incubated without cells, and cultured (Fig. 8). For the 740 

cm-1 peak, combined incubated and combined cultured samples exhibited 

significantly higher peak areas than the combined non-incubated samples (p-values 

= 0.0015 and 0.0006, respectively). A higher peak area for cultured samples 

compared to non-incubated samples was also observed for the 1440 cm-1 peak (p-

value = 0.0309). Finally, incubated samples exhibited a significant decrease in peak 

area compared to cultured and non-incubated samples for the 1550 cm-1 peak (p-

value = 0.0016 and 0.0009, respectively). When comparing individual conditions, 

these differences in remodeling were more noticeable in the meshes initially 

containing proteins, and this is supported by statistically significant interaction 

parameters from two-way ANOVA analysis for both of the 740 cm-1 and 1550 cm-1 

peaks (p-values = 0.0365 and 0.0101, respectively). With individual comparisons, 

the cultured PCL/fibrinogen samples has higher integrated peak area than the 

respective non-incubated PCL/fibrinogen condition for the 740 cm-1 peak (p-value = 

0.0058). The 740 cm-1 peak integrated area was also higher for PCL/collagen samples 

than its respective non-incubated PCL/collagen condition (p-value = 0.0191). Both 

incubation and culture suggest that PCL/collagen samples experience an increased 

adsorption of amino acids when considering this specific peak which can possibly be 

attributed to the presence glutamate.  This may be due to protein adsorption onto the 

meshes from the media components (e.g. FBS, L-glutamine) and/or cellular matrix 
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deposition with culturing. However, no statistical differences between non-

incubated, incubated, and cultured conditions were observed for control PCL 

samples. In addition, no individual statistical differences were observed between 

non-incubated, incubated, and cultured conditions for the 1040 cm-1 peak. Finally, 

cultured (p-value = 0.009) and non-incubated (p-value = 0.0288) PCL/fibrinogen 

peak areas were also significantly higher than their respective incubated 

PCL/fibrinogen condition for the 1550 cm-1 peak. Similarly, non-incubated 

PCL/collagen had a significantly higher peak area than its respective incubated 

condition (p-value = 0.0132). Since the 1550 cm-1 peak is more prevalent in pure 

fibrinogen and somewhat present in pure collagen, it was initially thought, but later 

refuted with the results of the µ-BCA assay, that protein components were leached 

out or degraded after 21 days of incubation attributing to the decrease of that peak 

area. Overall, peak integration shows that specific Raman peaks can be used to track 

remodeling in synthetic/blend meshes used for tissue engineering. This included 

many statistical differences between mesh conditions containing protein from the 

PCL control. Further biochemical analysis was done to better understand the ECM 

remodeling response and validate the Raman peak integration results.  
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3.3 Biochemical Analysis of Remodeling 

Initial mesh composition and ECM remodeling were characterized using the Hyp and 

µ-BCA assays. Although Raman is useful, biochemical analysis was use to validate 

the feasibility of using Raman peak integration in comparison to destructive assays. 

A µ-BCA assay was performed to analyze the possible release of total protein from 

electrospun meshes incubated in PBS over four time points (3, 9, 15, and 21 days) 

(Fig. 9A).  The average of total protein content in the PBS across all time points for 

each sample was 3.12 µg/sample and 3.44 µg/sample for PCL/collagen and 

PCL/fibrinogen respectively. The calculated protein content is on the lower end, but 

still in range, of the linear working range of the microplate procedure (2-40 µg/mL). 

However, PCL may add a background signal within the observed absorbance 

readings, which can be due to its early stage hydrolytic degradation or products that 

leaches out in physiological conditions. Since, the protein containing samples are 

90% PCL, there should be a similar trend in the results for 100% PCL, but with a 

lower background signal since there is a decrease in PCL content.  

A follow up study was done at 3 days of incubation in PBS for electrospun 

100% PCL and stock PCL pellets to replicate the results and determine if the PCL 

signal remained even without processing steps (Fig. 9B). We observed similar 

absorbance readings and determined that the selectivity of Cu2+ reduction is not 

solely dependent on peptide bonds found in protein. Thus we concluded that, there 
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was negligible to no amount of loss of protein with incubation over 21 days. 

Negligible protein release and protein adsorption would be consistent with Raman 

peak integration of the 740 cm-1 and 1040 cm-1 peak, which show an increase in 

general protein peak area with cell culture and no loss of protein respectively. 

 

 

Figure 9: µ-BCA Protein Assay results for (A) PBS samples from incubation of 

PCL/Collagen and PCL/Fibrinogen collected at 3, 9, 15, and 21 days and (B) PBS 

samples from 100% electrospun (ES) PCL, stock PCL, PCL/Collagen, and PCL 

fibrinogen collected at 3 days. 
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The Hyp assay is specific and sensitive to samples containing primarily 

collagen. The Hyp assay results showed that there was a significant increase (p-value 

= 0.0044) of Hyp content in PCL/collagen conditions with culturing compared to 

incubating (Fig. 10). A trend was observed where there seems to be a decrease in 

collagen following incubation compared to non-incubated samples although the 

results were not statistically different. However, this trend does not directly correlate 

with the 740 cm-1 peak integration results where a significant increase was observed 

from non-incubated to incubated conditions for the PCL/collagen samples. This can 

be attributed to high variability in the results due to inhomogeneity within the meshes 

or small variations in sample thickness (collagen content). Overall the results of the 

biochemical assays done in this study suggest that there is no significant loss of 

protein from meshes with incubation without cells. Instead we attribute the changes 

of mesh composition to culturing with smooth muscle cells and the cells depositing 

matrix. In the cultured conditions we see the most statistical differences, which leads 

into the impact of cellular remodeling on electrospun meshes.  
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Figure 10: Hydroxyproline content results for electrospun meshes non-incubated, 

electrospun meshes incubated in media for 21 days, and electrospun meshes seeded 

with SMCs and incubated in media for 21 days. Statistical differences between 

individual conditions noted by: (#) from corresponding PCL control condition, (*) 

from corresponding PCL/fibrinogen condition, and (&) from respective cultured 

condition. 

3.4 Biological Analysis of Cellular Remodeling 

We cultured cells and verified their phenotype to assess differences between cell 

responses to the electrospun meshes since this can impact mesh remodeling. Thus, 

biological assays were performed to supplement the Raman analysis of remodeling 

with cultured sample conditions.  Cell phenotypic markers were assessed to indicate 

the potential for particular remodeling responses of SMCs (e.g., synthetic vs. 

activated).  RT-PCR analysis of SMC cultured meshes did not show any statistical 

differences for osteopontin (cell mineralization marker) with mesh composition or 

with increasing culture time (Fig. 11A).  However, expression of the contractile 
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marker calponin was observed to increase over time with two-way ANOVA analysis 

(p-value < 0.0001), and differences were observed over culture time for all individual 

mesh conditions (p-values < 0.0314) (Fig. 11B).  Calponin expression for fibrinogen 

containing samples were statistically lower than that of collagen containing samples 

(p-value = 0.0088). With comparison of individual conditions, an additional impact 

of mesh composition was significantly lower calponin expression at 21 days on 

PCL/fibrinogen samples compared to both 100% PCL and PCL/collagen (p-values 

of 0.0258 and 0.0142, respectively). Although we do not see a clear loss of fibrinogen 

with cultured samples, from the results of peak integration and µ-BCA assay, we 

know that adsorption of sugars from the media and a cellular response may occur. 

Even though we did not look at inflammation in our current study, fibrin and 

fibrinogen have both been linked to inflammatory cell infiltration, MMP-9, IL-6, and 

TNF-α expression in vascular SMCs [57], [103], [104]. While a prolonged 

inflammatory response is not desired, the incorporation of fibrin into scaffolds have 

been used successfully in tissue engineering applications [39], [105], [106]. 

Optimizing the scaffold composition and determining the distribution of fibrinogen 

will aid in to properly modulating the cellular remodeling response of SMCs.  
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Figure 11: Effect of incorporating collagen and fibrinogen into PCL meshes on gene 

expression and SMC density after culturing for 7 and 21 days. Real-Time PCR for 

(A) the mineralization marker osteopontin and (B) the SMC marker calponin. 

Statistical differences noted by: (#) from corresponding day 7 condition, (*) from 

other day 21 conditions. 

Blinded scoring of IF images indicated SMC-seeded PCL/collagen samples 

exhibited greater expression of osteopontin after 21 days compared to 100% PCL 

and PCL/fibrinogen samples (p-values of 0.0034 and 0.0035) (Fig. 12A-C). The IF 

results for calponin demonstrated staining for this contractile SMC marker, but no 

statistical differences were observed with the scoring method (Fig. 12D-F). Overall, 

the main differences we see with cell phenotype markers is that PCL/collagen had a 

higher expression of osteopontin after 21 days, which can be expected due to the 

RGD binding sequences on the collagen protein surface [107].  
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Figure 12: Immunofluorescence staining for osteopontin (A-C), calponin (D-F), and 

no primary antibody control (G-I) are shown for the PCL control (A, D, G), collagen 

blend (B, E, H), and fibrinogen blend (C, F, I) conditions. The antibodies (red), 

autofluorescence background to locate the mesh (green), and DAPI-stained cell 

nuclei are shown (blue).  Results from the scored analysis and statistics are indicated 

on individual images. Statistical differences noted by: (@) from both control PCL 

and fibrinogen blend conditions. 

 



 

52 
 

It is known that collagen can initialize mineralization through nucleation sites 

for calcium phosphate deposition that promotes hydroxyapatite crystal growth [108]. 

However, this was not observed in our Raman results where there is a loss of 

resolution due to overlapping 960 cm-1 bands found in hydroxyapatite, collagen, and 

PCL. The blinded scoring of the IF images were done to limit researcher bias. Since 

the scoring analysis were not done on monochromatic images, there may be 

individual objectivities of color intensity relative to marker expression. This 

objectivity can account for the large standard deviation observed with osteopontin 

expression in PCL/collagen (Fig. 12B). 

A DNA assay was performed to assess cell proliferation and the results were 

normalized to the 100% PCL samples at day 7. The 100% PCL and PCL/collagen 

cell densities increased from 7 to 21 days of culture indicating cell proliferation (p-

values of 0.0336 and 0.0046, respectively) (Fig. 13).  No significant differences were 

observed in normalized cell density between mesh compositions, but the 

PCL/collagen condition appeared to exhibit a higher cell density than the 

PCL/fibrinogen condition through the two-way ANOVA analysis (p = 0.068). A 

decrease in cell proliferation at 21 days for PCL/fibrinogen may attribute to the lower 

expression of calponin found in this sample condition after 21 days. The increase in 

protein content with remodeling for protein containing meshes shown in Raman peak 

integration suggests that more protein adsorption from culture media and/or cell 

attachment and protein synthesis occurs when protein is initially incorporated within 
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the scaffold. It is already known that natural materials such as collagen have cell 

adhesion proteins that can promote more protein adsorption and bioactivity 

compared to the hydrophobic PCL scaffolds. While important information about 

protein incorporation and remodeling was obtained from the analysis of individual 

peaks and supporting biochemical analysis, the sensitivity in detecting different 

proteins could still be improved with Raman techniques.  

 

Figure 13: DNA assay for cell density (cells/cm2) normalized to the day 7 PCL 

control. Statistical difference between individual conditions noted by: (#) from 

respective day 7 condition. 

3.5 Semi-quantitative Analysis of Raman Spectral Results  

The Raman spectra were further analyzed to determine if data analysis that considers 

variance across multiple peaks (i.e., multivariate factor analysis) can allow for the 

detection of individual protein components (i.e., collagen vs. fibrinogen). We have 

initially observed that subtraction of the averaged PCL incubated control from the 
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PCL cultured control (C-I) mesh spectra from the averaged collagen and the averaged 

fibrinogen containing C-I mesh spectra revealed differences in protein peaks, both 

with and without normalization to the 1110 cm-1 PCL peak (Fig. 14A-B). The goal 

of this processing method was to remove contributions observed when incubating 

the samples in media and also the major contribution of PCL to achieve resolution 

within the spectra due to remodeling. When comparing the processed spectra back to 

the pure material controls (Fig. 5A) or even the blended experimental conditions 

(Fig. 5B), there are decreases and resolution changes within the produced spectra. 

This includes the 1040 cm-1 peak being positive for fibrinogen samples while the 

collagen samples exhibited negative contributions in the peak intensity. The           

1550 cm-1 peak was clearly noticeable for fibrinogen but not for collagen. We also 

see a loss of resolution within the 740 cm-1 and 1040 cm-1 peaks specifically for the 

PCL/collagen C-I conditions. The entire PCL component could not be completely 

removed through these simple processing steps as seen with the remaining high 

scattering 1110 cm-1 peak. Thus, we then performed MFA analysis to consider the 

entire spectral differences that occur with remodeling with this pre-processing 

method.  
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Figure 14: Raman spectra from subtracting the average PCL C-I mesh control 

spectra from the averages of PCL/Collagen C-I and PCL/Fibrinogen C-I containing 

mesh spectra. C-I indicates: The average incubated spectra was subtracted from its 

cultured condition. Shown are the results for both (A) total intensity and (B) intensity 

normalized to the 1110 cm-1 peak. 
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MFA analysis was used as an exploratory technique and different parameters 

were explored as part of the design of experiments. MFA with Promax rotation for 

three factors was performed and both factor score and factor loadings were 

determined. The factor score loading scatter plots from MFA demonstrated grouping 

of specific scaffold conditions (Fig. 15B). The data for specific scaffold conditions 

was subtracted by the 100% PCL condition as in Fig. 13A-B prior to further analysis. 

These plots demonstrated a positive correlation and separation for 100% PCL 

samples with the D1, D2, and D3 factors. Separation between the PCL/collagen and 

PCL/fibrinogen conditions can be seen with factor D2 where collagen has a better 

correlation. These results were more clearly shown on the normalized average factor 

loadings graph, which shows the contribution of the variance among the different 

groups (i.e., scaffold material composition) as a linear combination of factor loadings 

or weights, as well as the positive or negative correlations of the loadings (i.e., D1, 

D2, and D3) for each scaffold (Fig. 15A) The factor score spectra show the spectra 

that were derived for each individual factor with the MFA analysis. The 1100 cm-1 

peak was part of the factor score spectra for Factor 1 (F1), which would be consistent 

with 100% PCL (Fig. 15C). Factors 2 (F2) and 3 (F3) exhibit a negative peak at 1110 

cm-1 that may help to reduce the PCL contribution. The Factor 2 score spectrum (F2) 

has a peak centered around 1040 cm-1 not found in Factor 1 or Factor 3 score spectra, 

and a negative peak around 1000 cm-1 also not found in the other factors. Factor 3 

exhibits its main positive peak at 1000 cm-1, and it does not include the 1550 cm-1 
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peak as noted for fibrinogen. The 1000 cm-1 peak represents phenylalanine as it was 

present in the pure fibrinogen controls but not visible when incorporated into PCL. 

When MFA analysis was performed, the factor score loading scatter plots 

demonstrated that PCL meshes can be separated from the PCL/collagen and 

PCL/fibrinogen blend meshes by considering the top three components. The 

distinction between PCL/collagen and PCL/fibrinogen blend meshes was only noted 

by a separation in the groupings for factor loading D2 and D3. While further analysis 

may be needed in future work, we have demonstrated the feasibility of using Raman 

spectroscopy along with analysis techniques, to detect initial protein content and 

remodeling.  
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Figure 15: MFA results are shown including (A) normalized average factor loadings, 

(B) factor score loading scatter plots, and (C) factor score spectra for the top three 

identified factors. The initial compositions are noted on the graph by PCL-only, PCL-

Col, and PCL-FIB. 
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Chapter 4:  

Conclusions and Future Work 
 

4.1 Conclusions 

In conclusion, it was shown that Raman spectroscopy can be used to analyze 

electrospun meshes used for vascular tissue engineering with blends of a synthetic 

polymer (e.g. PCL) and a natural protein (e.g. collagen and fibrinogen).  XPS and 

Raman results together displayed that there were differences of collagen and 

fibrinogen distribution within the electrospun meshes. We showed that small 

amounts of protein incorporated into electrospun meshes can be detected with Raman 

analysis. Peak integration of specific protein peaks that were found with the initial 

analysis was successfully used to differentiate protein incorporation between the 

100% PCL control and the protein containing meshes. Specifically using the             

740 cm-1 peak, protein incorporation and general remodeling can be seen. Further 

analysis with the µ-BCA assay appeared to validate the findings of Raman peak 

integration and suggested that there was no loss of proteins with incubation. Instead 

the results suggested that protein absorption occurs when samples are incubated in 

media and when cultured with smooth muscle cells (SMCs).  More analysis of total 

protein content will be done to show quantitative amounts that were initially 

incorporated in the electrospun meshes. Immunofluorescence results showed an 

increase of osteopontin expression with collagen incorporation when cultured with 
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SMCs after 21 days. We showed that using the 740 cm-1 peak for integration is useful 

in providing information such as protein incorporation and remodeling with 

incubation and culturing. Subtracting the PCL peak prior to MFA analysis showed 

many differences between the PCL/collagen and PCL/fibrinogen conditions 

similarly to what was shown in their pure spectral fingerprints.  Taking the subtracted 

data sets and performing MFA analysis techniques can be used to differentiate and 

show separation between remodeling in PCL and blends of PCL and natural proteins, 

which shows this technique is feasible for TEVGs with low amounts of protein 

incorporation.  

4.2 Future Work 

The distribution of protein content with electrospun meshes needs to be better 

understood and may be helpful in predicting a remodeling response. Raman mapping 

has been used previously to assess protein distribution within single human cells 

[109], as well as spray dried PLA microspheres for water-soluble drug delivery 

applications [110]. In both studies, inhomogeneity was observed in the spectral 

concentration and Raman maps. Sóti et al, results showed different spatial 

distribution of caffeine concentrations within the spray dried polymer matrix and 

attributes this to the phase separation of the drug and the crystallization of PLA [111]. 

Raman mapping can be an interesting approach for our study as well since our results 

suggest that there is not an equal distribution of proteins when incorporated in the 
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polymer scaffold. Rather than acquiring a single spot spectra in random locations, 

mapping will allow for multiple spectral acquisitions with a step size in the 

nanometer range over a sample area. There are certain limitations with Raman 

mapping related to longer processing times, which is a concern with using current 

in-vitro approaches for cell culture studies. However, Raman mapping will give 

detailed chemical compositional information that can be used to determine mesh 

homogeneity and protein distribution.  

Further analysis can be done to achieve intergroup sensitivity of spectral 

changes that will occur with cellular and ECM remodeling with more Raman studies 

and processing techniques such as deconvolution methods rather than spectral 

subtraction prior to MFA analysis. Raman spectroscopy has the potential to be used 

in real time to assess changes in chemical composition in vivo. Although Raman in 

vivo studies are not currently applicable for this study, it is relevant for a future study 

that will aid in clinical translation and should be considered. Simulating 

physiological conditions by utilizing a bioreactor can be advantageous by properly 

assessing a remodeling response that can lead to a more in-vivo approach. The 

addition of cell culture studies can be performed and analyzed with Raman 

spectroscopy on the same samples over time to show the feasibility of using this 

technique non-destructively, while gaining more spectral data sets for cells and 

various ECM components that the cells may deposit. Studies at multiple time points 
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should also be considered to properly to determine the use of Raman with monitoring 

changes over time since it does have this potential. 
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