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2.5 Rationale and Objectives of Study 

Scaffold-guided tissue engineering continues to emerge as a strategy for the repair and 

regeneration of diseased or damaged tissues and organs as an alternative to current 

therapies.1 However, one of the major factors hindering the success of scaffold-guided 

tissue engineering is the inability to deliver sufficient oxygen to the growing constructs. 

Although numerous strategies have been developed to overcome this limitation, they have 

been riddled with drawbacks; thus delivering sufficient oxygen remains a fundamental 

consideration for fabricating engineered tissues.51-53 One approach to improve oxygen 

delivery to constructs is the use of perfusion bioreactors whereby oxygen dissolved in the 

culture medium diffuses to the scaffold material. However, the flow rate required to 

maintain an adequate oxygen concentration for cell viability often surpasses the shear stress 

tolerance of cells.56 Alternatively, perfluorocarbons have been extensively explored as 

oxygen carriers due to their high dissolving power for oxygen, though the focus has been 

on fabricating perfluorocarbon emulsions which lack stability and are overall user-

unfriendly.57 Moreover, the high density of the emulsions causes them to settle in the 

culture well or medium reservoir.50 

 

By shifting the focus from PFC emulsions to alternative oxygen delivery strategies, some 

of the drawbacks of first generation approaches can be remedied. A promising strategy 

involves embedding oxygen generating compounds, such as calcium peroxide58 or sodium 

percarbonate60 which decompose in water to produce oxygen, directly into the tissue 

engineering scaffold. This approach has the advantage of providing oxygen throughout the 

construct, notably in the center which is difficult to reach by diffusion alone, but it is limited 

as the oxygen generating compound is eventually depleted. Tissue engineering scaffolds 

incorporating fluorinated porous zeolite particles provide an alternative to this approach 

whereby the embedded compound does not generate oxygen but enhances oxygen delivery 

using the principles of oxygen solubility in PFCs.61 

 

Cyclodextrins, cyclic oligosaccharides, have a unique shape that enables them to include a 

wide range of guest molecules within their cavity forming an inclusion complex. In 

addition, they are natural and relatively non-toxic, making them suitable for biological 
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applications, and have a low price and are commercially available.112 Because inclusion of 

a guest molecule within the cyclodextrin cavity provides stabilization, it may serve to 

overcome some of the shortcomings of PFC emulsions. Moreover, cyclodextrin inclusion 

complexes have been incorporated into three-dimensional scaffolds via electrospinning;41, 

42, 113 this immobilization of the CD:IC within the scaffold would impart enhanced oxygen 

delivery throughout the construct, and delay or prevent settling of the PCFs in the culture 

well or medium reservoir. Ultimately, the benefits of this approach would serve to enhance 

oxygen delivery to the cells seeded on the construct, potentially facilitating the 

development of thick constructs suitable for clinical applications. 

 

It was hypothesized that cyclodextrin/perfluorocarbon inclusion complexes incorporated 

into three-dimensional tissue engineering scaffolds would enhance oxygen delivery to 

seeded cells. In view of the above rationale, the following objectives were formulated: 

 Prepare and characterize (FTIR, TGA, XRD) an inclusion complex from 

cyclodextrin and a perfluorocarbon 

 Fabricate a three-dimensional scaffold containing the cyclodextrin inclusion 

complex 

 Evaluate the ability of the cyclodextrin inclusion complex to act as an oxygen 

carrier both on its own and when embedded in a scaffold 
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4 FABRICATION OF TISSUE ENGINEERED SCAFFOLDS 

INCORPORATING CYCLODEXTRIN INCLUSION 

COMPLEXES WITH 

PERFLUOROPERHYDROPHENANTHRENE 

Overview: This chapter discusses the incorporation of an inclusion complex from alpha-

cyclodextrin and perfluoroperhydrophenanthrene in 3D tissue engineering constructs. 

Scaffold fabrication was carried out via electrospinning and the inclusion complexes were 

incorporated in both biodegradable (PCL) and stable (PCU) materials. Optimized 

concentrations were identified and the effect of adding cyclodextrin explored. The resulting 

fibrous mats were imaged with scanning electron microscopy and the surface content was 

analyzed with X-ray photoelectron spectroscopy. 

 

Keywords: 3D scaffold, electrospinning, tissue engineering, cyclodextrin, inclusion 

complex, perfluorocarbons 

 

4.1 Introduction 

Tissue engineering involves the assembly of cells and their support structures for the repair 

and regeneration of diseased or damaged tissues and organs as an alternative to current 

therapies.1 One strategy of tissue engineering involves seeding cells onto a porous 3D 

scaffold that supports in vitro tissue formation and maturation. One of the major factors 

hindering the success of scaffold-guided tissue engineering is the inability to deliver 

sufficient oxygen to the growing constructs. A number of strategies to improve oxygen 

delivery have focused on the development of PFC emulsions. Although PFC emulsions 

show excellent oxygen carrying capacity, they lack stability causing overall user-

unfriendliness and they have a high density causing them to settle in the culture well or 

medium reservoir.2, 3 Another approach for improving oxygen delivery involves 

embedding oxygen generating compounds, such as calcium peroxide4 or sodium 

percarbonate5 which decompose in water to produce oxygen, directly into the tissue 

engineering scaffold. This approach has the advantage of providing oxygen throughout the 
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construct, notably in the center where it is difficult to reach by diffusion alone, but it is 

restricted because the oxygen generating compound is eventually depleted. Tissue 

engineering scaffolds incorporating fluorinated porous zeolite particles provide an 

alternative to this approach whereby the embedded compound does not generate oxygen 

but enhances its delivery using the principles of oxygen solubility in perfluorocarbons.6 

Cyclodextrin inclusion complexes with perfluorocarbons have been prepared previously 

for application as novel oxygen carriers. Because inclusion of a guest molecule within the 

cyclodextrin cavity can provide stabilization, it may serve to overcome some of the 

shortcomings of PFC emulsions. The goal of this study was to incorporate α-CD/PFP 

inclusion complexes into 3D fibrous scaffolds. Embedding the CD/PFC complexes in the 

scaffold would impart enhanced oxygen delivery throughout the construct, and delay or 

prevent settling of the PCFs in the culture well or medium reservoir. 

 

One of the most commonly utilized methods for scaffold fabrication is electrospinning. 

Electrospinning is a versatile technique that enables the production of multi-functional 

fibers in the nano- to micrometer range from a wide variety of materials and it is generally 

a relatively simple, versatile, and cost-effective method. Because electrospinning allows 

for the fabrication of scaffolds that closely mimic the scale and fibrous nature of the native 

ECM, electrospinning was selected as the scaffold fabrication technique for this study. It 

has been demonstrated that cyclodextrin inclusion complexes can be incorporated into 

three-dimensional scaffolds via electrospinning.7-9 In fact, cyclodextrin has been shown to 

positively affect the electrospinning of polymer solutions. The addition of CD increases 

the conductivity of the polymer solution, allowing for successful electrospinning of bead-

free fibers from lower polymer concentrations.10, 11 This is because the polymer solution is 

subjected to higher stretching under the high electric field.12 Moreover, it was reported that 

preparation of a homogenous film from polymer/cyclodextrin solutions via other 

fabrication techniques, such as spin coating or solvent casting methods, failed because the 

CD molecules phase separated and formed crystal aggregates either immediately or upon 

solvent evaporation.9, 12 
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feasibility of incorporating the CD/PFC inclusion complexes in 3D constructs for 

application in tissue engineering as oxygen carriers. Arguably the most notable strength of 

this study is the potential of incorporating the inclusion complex in a virtually any polymer 

matrix through electrospinning. Successful incorporation of the CD:IC was observed with 

both the biostable PCU and biodegradable PCL. The optimized concentrations were 

determined to be 8PCU-50CD:IC and 5PCL-15CD:IC leading to fiber diameters of (232 ± 

31) nm and (342 ± 56) nm, respectively. 

 

 Surface Characterization 

The scaffolds were characterized by XPS to reveal the elemental analysis up to a depth of 

5-7 nm from the surface. Characterization was carried out using polymer and CD:IC 

concentrations previously determined to provide fibrous mats with a morphology 

acceptable for tissue engineering applications. XPS of the 8PCU-50CD:IC fibrous mat was 

compared to that of PCU incorporating unmodified α-CD at the same concentration, that 

is 8 % (v/v) PCU and 50 % (w/w) α-CD, and PCU alone, electrospun from a 12 % (v/v) 

solution in DMF. Similarly, the 8PCL-15CD:IC fibrous mat was compared to a PCL 

scaffold incorporating unmodified α-CD at the same concentration, 8 % (v/v) PCL with 15 

% (w/w) α-CD, as well as a PCL control scaffold electrospun from 12 % (w/v) PCL. It was 

necessary to electrospin the PCU and PCL control scaffolds at concentrations higher than 

the 8 % (v/v) concentration used in the CD:IC-modified scaffolds because the polymer 

concentration was too low for successful electrospinning without incorporating CD. 

 

The elemental analysis obtained from XPS is provided in Table 4-3 and the corresponding 

spectra are shown in Appendix 6-1. In both the PCU-CD and PCU-CD:IC fibers, a higher 

oxygen content is observed, confirming the presence of CD within the outer surface of the 

fibrous mat. However, the increase in surface content of oxygen is lower than the amount 

of CD incorporated. This indicates that a portion of the CD molecules are buried in the 

bulk of the fibers, similar to results reported in the literature for PS/CD nanofibers9, 12 The 

increase in oxygen content is much less obvious for the PCL-CD and PCL-CD:IC 

nanofibers because only 15 % (w/w) CD or CD:IC was incorporated in the PCU fibers 
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compared to the 50 % (w/w) concentration of CD or CD:IC in the PCU fibers. No fluorine 

content is observed in the fibers containing the CD:IC because it is buried inside both the 

CD:IC cavity and the polymer matrix and is therefore not detected by the survey scan. 

 

Because some of the CD:IC is buried in the bulk of the fibers, there is a benefit of using a 

biodegradable polymer matrix. For instance, as the PCL degrades, the CD:IC embedded 

within the fibrous matrix would gradually be exposed. By contrast, with a biostable 

polymer matrix, such as PCU, only the inclusion complexes on the surface of the fibers 

would be available for use as oxygen carriers and only if they are not completely covered 

by the polymer. Therefore, utilizing a biodegradable polymer guarantees the availability of 

the CD:IC over the course of an in vitro cell cultivation. It is also possible that the 

experimental parameters could be further optimized in order to obtain highly efficient 

fibers with a high CD content on the surface of the fibers. This may be achieved by varying 

the electrospinning temperature or the solvent system, for example, or by using chemically 

modified CD derivatives which have been reported to phase segregate to the fiber surface 

during solvent evaporation.12 

 

Table 4-3: Elemental analysis from XPS spectra showing atomic % of each element 

observed 

Sample C% O% N% F% 

α-CD 57.6 42.4   

CD:IC 58.4 41.4  0.2 

PCU 71.2 25.1 3.7  

PCU-CD 58.4 41.3 0.3  

PCU-CD:IC 60.9 38.0 1.0  

PCL 74.8 25.2   

PCL-CD 72.9 27.1   

PCL-CD:IC 74.6 25.4   
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rotated at roughly 2000 RPM. Following this, the scaffolds were removed from the 

electrospinning assembly and the solvent was allowed to evaporate in the fume hood. 

 

 Dissolved Oxygen Study on Cyclodextrin Inclusion Complexes with 

Perfluoroperhydrophenanthrene 

The dissolved oxygen was measured using a fiber optic oxygen sensor, NeoFox model 

FOXY-AL300 (Ocean Optics, Dunedin, FL), equipped with NeoFox software. The sensor 

uses ruthenium (II) complexes suspended in a support matrix and attached at the tip of a 

fiber optic cable. When excited by a light emitting diode at 475 nm, the ruthenium complex 

fluoresces and emission occurs at 620 nm. When the excited ruthenium complex 

encounters an oxygen molecule, the emission is quenched, allowing the intensity of the 

fluorescence to be related to the oxygen concentration. Accordingly, the more oxygen that 

is present, the lower the emission intensity and vice versa. In the absence of oxygen, the 

maximum fluorescent intensity of emitted light is observed. A multipoint calibration was 

carried out using the factory calibration file provided by Ocean Optics, followed by a single 

point reset at standard temperature and pressure, and 20.9 % oxygen. The oxygen sensor 

was placed in the solution and measured dissolved oxygen every 0.5 seconds. 

 

Various concentrations (1, 2, 4 %) of PFP, α-CD, and CD:IC, with respect to the PFP 

concentration within complex, were suspended in phosphate buffered saline (PBS; pH 7.4) 

with and without 0.1 % Span80 as a surfactant. The samples were rocked for 90 minutes 

(Gel Surfer, DiaMed Supplies Inc., Mississauga, ON). PBS with and without 0.1 % Span80 

was used as a control. The 300 nm diameter probe was placed in the solution while the 

assembly was left open to atmospheric air. Measurements were taken at both RT and 37 

°C, maintained by immersing the assembly in a water bath (VWR International, 

Mississauga, ON). The dissolved oxygen, measured as the oxygen partial pressure (atm), 

was recorded until stable readings were achieved. Henry’s law (Equation 2-6) was used 

to determine the oxygen concentration in the solution, and the Henry’s law constant was 

determined at each temperature according to Blanch and Clark.11 The samples were stored 

in a refrigerator at 4 °C for two weeks, at which point all dissolved oxygen measurements 

were taken again at both RT and 37 °C. All measurements were carried out in triplicates. 
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 Dissolved Oxygen Study on 3D Scaffolds Incorporating 

Cyclodextrin/Perfluoroperhydrophenanthrene Inclusion Complexes 

Squares of the electrospun fibrous mats (roughly 1 cm2) were weighed, placed in a 24-well 

plate and covered with 1 mL of PBS (pH 7.4). The 24-well plates were placed in an 

incubating microplate shaker (VWR International, Mississauga, ON) at 37 °C with 

continuous shaking at 100 shakes/min. After 1, 3, 5, 7, 10, and 14 days, the dissolved 

oxygen was measured using the NeoFox fiber optic oxygen sensor. Following 

measurement of dissolved oxygen, the corresponding squares were removed from their 

well, dried in a desiccator with potassium hydroxide as a desiccant for 72 hours, and 

weighed. The PBS was replenished every 3 days. All measurements were carried out in 

triplicates. 

 

 Statistical Analysis 

The results of the dissolved oxygen studies were analyzed using analysis of variance 

(ANOVA) with the Tukey post-test. The Pearson product-moment correlation coefficient 

was calculated in SigmaPlot (Systat Software Inc., USA). For all analyses, significance 

was assigned for p<0.05. 

 

5.4 Results and Discussion 

 Dissolved Oxygen Study on Cyclodextrin Inclusion Complexes with 

Perfluoroperhydrophenanthrene 

The ability of PFP to enhance oxygen delivery to cells seeded on 3D tissue engineering 

scaffolds was investigated. Because in vitro data using PFP is not reported, it was 

investigated if this molecule could be a candidate to enhance oxygen delivery in tissue 

engineering. Furthermore, the feasibility of utilizing the prepared cyclodextrin inclusion 

complexes from PFP and α-CD was explored. 

 

Measurements of dissolved oxygen (DO) in the presence of different weight percentages 

of PFP, α-CD, and CD:IC were conducted in PBS with a fiber optic probe under a number 
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of conditions: with or without surfactant (0.1 % Span80), at RT or 37 °C, and immediately 

following sample preparation (Day 1) or after two weeks storage in a refrigerator (Day 14). 

It should be noted that the amount of CD:IC incorporated corresponded to the weight 

percent of PFP in the inclusion complex, that is, 2 % CD:IC contains 2 % PFP. Table 5-1 

shows the results of the DO measurements, reported as dissolved oxygen (mg/L) ± standard 

deviation (SD) and the statistical significance of the data, as determined by ANOVA, is 

reported in Appendix 7-2. 

 

The DO measured in the PBS controls (Table 5-1) was comparable to the DO calculated 

using Henry’s law (8.39 mg/L at 23 °C, 6.87 mg/L at 37 °C). When the dissolved oxygen 

was measured immediately following preparation (RT, no surfactant, Day 1), the data 

shows that by incorporating 2 % PFP in PBS, there was a significant increase in dissolved 

oxygen (p=0.01), whereas 1 % PFP was not sufficient to statistically increase the dissolved 

oxygen (p=0.71). This concurs with a previous study in our lab where a minimum threshold 

of 2 % perfluorodecalin was required to statistically increase the dissolved oxygen.10 A 

similar relationship was observed with the incorporation of CD:IC, where a minimum 

threshold of 2 % was required in order to significantly increase the dissolved oxygen at RT 

(p<0.001). When the amount of PFP incorporated was increased from 2 to 4 %, a further 

statistically significant increase was observed (p<0.001). On the other hand, when the 

amount of CD:IC was likewise increased to 4 %, the dissolved oxygen did not increase 

significantly (p=1.00). 

 

This experiment was also carried out at 37 °C, corresponding with body temperature. At 

37 °C, for samples both with and without surfactant, incorporation of even 1 % PFP served 

to significantly increase the dissolved oxygen in PBS (p<0.001 for both). In both cases, 

increasing the concentration from 2 to 4 % resulted in a corresponding increase in dissolved 

oxygen (p<0.001 for both). Because they are the most relevant conditions to represent 

usage of these oxygen carriers in the human body, Figure 5-1 shows the data for the 

dissolved oxygen measurements at 37 °C immediately following sample preparation 

(Day1) without the use of surfactant. 
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Table 5-1: Dissolved oxygen in PBS at various conditions in the presence of α-CD, 

PFP, and CD:IC. Dissolved oxygen was measured with a fiber optic probe. Data are 

means (mg/L) ± SD for experiments performed in triplicate. 

RT, 

No Surfactant, 

Day 1 

RT, 

Surfactant, 

Day 1 

37 °C, 

No Surfactant, 

Day 1 

37 °C, 

Surfactant, 

Day 1 

PBS 

Control 
8.64(±0.07) 

PBS 

Control 
8.50(±0.09) 

PBS 

Control 
6.81(±0.03) 

PBS 

Control 
6.92(±0.04) 

       

1% CD 8.65(±0.03) 1% CD 8.60(±0.03) 1% CD 6.88(±0.02) 1% CD 6.95(±0.05) 

2% CD 8.64(±0.04) 2% CD 8.48(±0.10) 2% CD 6.90 (±0.02) 2% CD 6.94(±0.07) 

4% CD 8.66(±0.01) 4% CD 8.67(±0.021) 4% CD 7.12(±0.04) 4% CD 7.07(±0.027) 
       

1% PFP 8.73(±0.11) 1% PFP 8.73(±0.03) 1% PFP 7.10(±0.07) 1% PFP 7.14(±0.02) 

1% CD:IC 8.70(±0.05) 1% CD:IC 8.73(±0.03) 1% CD:IC 7.29(±0.04) 1% CD:IC 7.28(±0.03) 

2% PFP 8.85(±0.02) 2% PFP 8.89(±0.05) 2% PFP 7.34(±0.08) 2% PFP 7.60(±0.002) 

2% CD:IC 8.96(±0.06) 2% CD:IC 9.32(±0.04) 2% CD:IC 7.41(±0.02) 2% CD:IC 7.69(±0.02) 

4% PFP 9.13(±0.08) 4% PFP 9.41(±0.14) 4% PFP 7.63(±0.01) 4% PFP 7.91(±0.02) 

4% CD:IC 8.98(±0.08) 4% CD:IC 9.63(±0.03) 4% CD:IC 7.87(±0.02) 4% CD:IC 7.95(±0.005) 
        

RT, 

No Surfactant, 

Day 14 

RT, 

Surfactant, 

Day 14 

37 °C, 

No Surfactant, 

Day 14 

37 °C, 

Surfactant, 

Day 14 

PBS 

Control 
7.80(±0.04) 

PBS 

Control 
7.84(±0.08) 

PBS 

Control 
6.66(±0.02) 

PBS 

Control 
6.82(±0.01) 

        

1% CD 7.62(±0.04) 1% CD 7.80(±0.05) 1% CD 6.78(±0.02) 1% CD 6.92(±0.04) 

2% CD 7.74(±0.07) 2% CD 7.98(±0.02) 2% CD 6.78(±0.02) 2% CD 6.88(±0.02) 

4% CD 8.29(±0.03) 4% CD 8.16(±0.01) 4% CD 6.93(±0.09) 4% CD 6.84(±0.02) 
        

1% PFP 8.05(±0.03) 1% PFP 8.26(±0.04) 1% PFP 6.91(±0.02) 1% PFP 7.04(±0.04) 

1% CD:IC 7.94(±0.07) 1% CD:IC 8.36(±0.01) 1% CD:IC 7.13(±0.02) 1% CD:IC 7.27(±0.01) 

2% PFP 8.02(±0.004) 2% PFP 8.47(±0.01) 2% PFP 7.22(±0.01) 2% PFP 7.51(±0.02) 

2% CD:IC 8.14(±0.04) 2% CD:IC 8.91(±0.04) 2% CD:IC 7.32(±0.01) 2% CD:IC 7.61(±0.01) 

4% PFP 8.53(±0.01) 4% PFP 9.29(±0.05) 4% PFP 7.40(±0.01) 4% PFP 7.75(±0.01) 

4% CD:IC 8.66(±0.04) 4% CD:IC 9.54(±0.04) 4% CD:IC 7.71(±0.001) 4% CD:IC 7.92(±0.02) 
        

 

The dissolved oxygen was also measured in samples containing 0.1 % Span80 as a 

surfactant, with the same weight percentages of α-CD, PFP, and CD:IC. Relevant statistical 

data comparing results obtained with and without the use of surfactant are presented in 

Appendix 7-3. Adding a surfactant had a considerable impact on the results at both RT 

and 37 °C, as well as on Day 1 and Day 14. Statistically significant increases in dissolved 

oxygen were observed in all cases at as low as 1 % for both PFP and CD:IC. This is 

specifically notable in comparison to RT, Day 1 conditions where a minimum threshold of 

2 % PFP was required to produce a statistically significant increase without surfactant. 

These changes can likely be attributed to the emulsifying properties of the surfactant, 
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producing a more stable system between the PFP and PBS. Furthermore, increasing the 

concentration from 2 to 4 % served to further enhance the dissolved oxygen, in both the 

case of PFP and CD:IC under all conditions. 

 

Following DO measurements on Day 1, the samples were stored in a refrigerator at 4 °C 

for two weeks in order to test the ability of the perfluorinated compounds, specifically in 

the form of the inclusion complex, to enhance oxygen delivery after storage. Relevant 

statistical data for these long term studies is presented in Appendix 7-4. Most interestingly, 

all of the measurements at 37 °C (without surfactant) were statistically comparable to those 

taken under the same conditions on Day 1. This indicates that including the PFC in the 

cyclodextrin cavity serves to enhance the stability of the PFC. These results are extremely 

relevant as one of the main disadvantages of using PFC emulsions is their lack of stability, 

resultant stringent storage requirements, and overall lack of user-friendliness.1, 6 

Furthermore, with the exception of two conditions, utilizing the CD:IC as opposed to 

unmodified PFP actually served to further enhance the dissolved oxygen. For example, at 

37 °C (without surfactant, Day 1), the dissolved oxygen was (7.63±0.01) mg/L for 4 % 

* 

* 

* 

* 
* 

* * 

Figure 5-1: Dissolved oxygen in PBS (37 °C, no surfactant, Day 1), in the presence of 

different weight percentages of α-CD, PFP, and CD:IC. Dissolved oxygen was 

measured using a fiber optic probe. Data are means ± SD for experiments conducted 

in triplicate, * indicates statistical significance at p<0.05. 
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PFP and (7.87±0.03) mg/L for 4 % CD:IC, demonstrating a significant difference 

(p<0.001). 

 

An interesting trend was observed with the incorporation of 1, 2, and 4 % α-CD when 

compared to PBS. At 37 °C (Day 1), both with and without surfactant, incorporation of 4 

% α-CD resulted in a statistically significant increase in dissolved oxygen (p<0.001 for 

both). After 14 days of storage in a refrigerator at 4 °C, this effect was further enhanced 

with increases in dissolved oxygen occurring at both RT and 37 °C as well as with and 

without surfactant. Furthermore, the dissolved oxygen was statistically increased with as 

low as 1 % α-CD in a number of cases. It has been shown that cyclodextrins can store gases 

in their cavity, particularly α-CD because the small size of its cavity suits the low molecular 

weight of the gases.12 Cramer and Henglein13 showed that by bubbling various gases, such 

as chlorine, xenon, and oxygen in an α-CD/water solution at 7-120 atm, crystalline gas 

complexes could be isolated and remained stable for months at room temperature. The 

amount of gas complexed varied between 0.3 and 1.2 moles of gas per mole of α-CD and 

could be easily evolved by simply dissolving the crystalline complex in water.12, 14 It is 

therefore possible that certain conditions, such as increasing the temperature to 37 °C, 

allowed the α-CD to form an inclusion complex with oxygen, effectively increasing the 

dissolved oxygen in solution. 

 

Further statistical analysis was carried out on the dissolved oxygen measurements by 

computing the Pearson product-moment correlation coefficient in order to determine the 

linear dependence of the dissolved oxygen on the concentration of PFP and CD:IC. The 

results are presented in Table 5-2 and indicate a clear significant linear relationship 

between the concentration of both PFP and CD:IC and dissolved oxygen in all cases. This 

relationship demonstrates that as the concentration of PFP or CD:IC is increased, the 

dissolved oxygen also increases. 
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Table 5-2: Pearson product-moment correlation coefficients and corresponding p 

values demonstrating linear dependence of DO on concentration of PFP and CD:IC 

  PFP CD:IC  PFP CD:IC  PFP CD:IC  PFP CD:IC 

 

 RT, 

No Surfactant, 

Day 1 

 

RT 

Surfactant 

Day 1 

 

37 °C 

No Surfactant 

Day 1 

 

37 °C 

Surfactant 

Day 1 
Correlation 

Coefficient 
 0.94 0.84  0.98 0.96  0.97 0.97  0.97 0.96 

p value 
 4.52

E-06 

6.34E-

04 
 

7.32E-

08 

8.27E-

07 
 

1.26E-

07 

1.21E-

07 
 

9.39E-

08 

4.36E-

07 

 

 RT, 

No Surfactant 

Day 14 

 

RT 

Surfactant 

Day 14 

 

37 °C 

No Surfactant 

Day 14 

 

37 °C 

Surfactant 

Day 14 
Correlation 

Coefficient 
 0.96 0.99  0.99 0.99  0.96 0.97  0.96 0.97 

p value 
 1.16

E-06 

5.50E-

09 
 

2.65E-

10 

2.20E-

09 
 

7.47E-

07 

1.06E-

07 
 

6.17E-

07 

2.98E-

07 

 

In summary, the feasibility of utilizing PFP as an oxygen carrier molecule was shown. At 

37 °C, as low as 1 % PFP resulted in a significant increase in the dissolved oxygen in PBS 

as measured with a NeoFox fiber optic probe. Dissolved gases are transported by 

perfluorinated compounds due to increased solubility in accordance with Henry’s Law. 

The increased solubility in attributed to the existence of loose, non-directional van der 

Waals interactions leading to low cohesive energy densities, which facilitate mutual 

solubilization of oxygen in the fluorine compound. The feasibility of using an inclusion 

complex prepared from α-CD and PFP was also established. In fact, the CD:IC served to 

further increase the dissolved oxygen when compared to the same concentration of PFP at 

a number of conditions. Furthermore, including the PFP within the CD cavity was shown 

to improve the stability over a period of two weeks when stored in a refrigerator at 4 °C. 

Overall, this study indicates that CD:ICs prepared with PFCs can be used as oxygen carriers 

to enhance oxygen delivery in tissue engineering applications. 
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 Dissolved Oxygen Study on 3D Scaffolds Incorporating 

Cyclodextrin/Perfluoroperhydrophenanthrene Inclusion Complexes 

The feasibility of utilizing a cyclodextrin inclusion complex prepared with a PFC as an 

oxygen carrier was explored with promising results. Theoretically, the complexes could be 

added directly to the culture media and the effect on dissolved oxygen would be similar to 

that reported in the previous section (5.4.1). However, this is not an improvement over 

other studies where the PFC was added directly to the culture medium and their high 

density caused them to settle, limiting their potential.7, 15 For this reason, in this study the 

CD:ICs were incorporated into a tissue engineering construct, fabricated using the 

electrospinning technique. This serves to immobilize the PFC within the scaffold and delay 

or prevent settling of the PFC into the culture medium, while providing enhanced oxygen 

delivery throughout the construct, specifically in the center where it is difficult for oxygen 

to permeate by diffusion alone. 

 

Two different materials were explored as polymer matrices for fabricating the tissue 

engineering constructs incorporating the CD:IC. PCU and PCL were selected as stable and 

biodegradable polymers, respectively. The constructs were fabricated via electrospinning 

from concentrations optimized previously (Section 4). The optimized concentration for 

PCU was 8 % (v/v) PCU with respect to solvent and 50 % (w/w) CD:IC with respect to 

PCU, referred to as 8PCU-50CD:IC. The optimized concentration for PCL was 8 % (v/v) 

PCL with respect to solvent, 15 % (w/w) CD:IC with respect to PCL, referred to as 8PCL-

15CD:IC. The CD:IC-functionalized scaffolds were compared to scaffolds fabricated from 

unmodified PCU and PCL. Squares of the fibrous mats (roughly 1 cm2) were placed in 

PBS at 37 °C and the DO was measured after 1, 3, 5, 7, 10, and 14 days with a fiber optic 

probe. Table 5-3 shows the results of these measurements, reported as dissolved oxygen 

(mg/L) ± standard deviation. Figure 5-2 and Figure 5-3 graphically depict these 

measurements for the PCU- and PCL-based scaffolds, respectively. 
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Table 5-3: Dissolved oxygen in PBS in the presence of electrospun 3D fibrous mats 

fabricated from PCU or PCL incorporating an inclusion complex prepared from α-

CD and PFP. Dissolved oxygen was measured with a fiber optic probe. Data are 

means (mg/L) ± SD for experiments performed in triplicate. 

Day PCU Control PCU-CD:IC PCL Control PCL-CD:IC 

1 6.43(±0.22) 8.47(±0.48) 6.57(±0.20) 8.52(±0.80) 

3 7.82(±0.08) 8.07(±0.32) 8.38(±0.18) 9.02(±0.42) 

5 8.13(±0.26) 9.71(±0.32) 8.35(±0.33) 9.94(±0.29) 

7 8.26(±0.35) 10.9(±0.53) 8.24(±0.87) 9.62(±0.45) 

10 7.04(±0.96) 9.38(±0.26) 7.94(±0.42) 9.51(±0.21) 

14 7.93(±0.19) 9.63(±0.62) 8.40(±0.12) 10.0(±0.46) 

  

* 

* 

* 

* 

Figure 5-2: Dissolved oxygen measurements for PCU and PCU-CD:IC scaffolds in 

PBS at 37 °C. Dissolved oxygen was measured using a fiber optic probe. Data are 

means ± SD for experiments conducted in triplicate, * indicates statistical significance 

at p<0.05 
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When compared to the PBS control, neither the PCU nor the PCL scaffolds showed any 

significant increase in dissolved oxygen at any time point, as expected (statistical data is 

presented in Appendix 7-5). As indicated in Figure 5-2, the PCU-CD:IC scaffold showed 

a significant increase in DO on Day 5 (p<0.001). Likewise, the PCL-CD:IC scaffold 

showed a significant increase in DO on Day 3 (p=0.01), as indicated in Figure 5-3. The 

DO was observed to remain significantly increased over the remainder of the 14 day period 

in the presence of both PCU-CD:IC and PCL-CD:IC fibrous mats. 

 

Further statistical analysis was carried out on the dissolved oxygen measurements by 

computing the Pearson product-moment correlation coefficient in order to determine the 

linear dependence of the dissolved oxygen measurement on time. The results are presented 

in Table 5-4 and demonstrate a lack of significant linear relationship between time and the 

dissolved oxygen measured for all materials except the PCL-CD:IC nanofibers. The PCL-

CD:IC nanofibers show a significant but weak relationship between the variables, with the 

* 

* 
* 

* 

* 

Figure 5-3: Dissolved oxygen measurements for PCL and PCL-CD:IC scaffolds in 

PBS at 37 °C. Dissolved oxygen was measured using a fiber optic probe. Data are 

means ± SD for experiments conducted in triplicate, * indicates statistical significance 

at p<0.05 
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DO tending to increase with time. Because PCL is a degradable polymer whereas PCU is 

not, it is likely that this trend would be further enhanced with a stronger relationship evident 

over long-term studies, corresponding to the degradation of PCL. 

 

Table 5-4: Pearson product-moment correlation coefficients for the dissolved oxygen 

concentration and time for CD:IC-functionalized scaffolds 

 PCU Control PCU-CD:IC PCL Control PCL-CD:IC 

Correlation 

Coefficient 
0.29 0.46 0.46 0.61 

p value 0.24 0.06 0.05 0.007 

 

Figure 5-4 shows a graphical comparison of the two polymer materials, PCU and PCL 

with the CD:IC incorporated, and Appendix 7-6 shows the corresponding statistical 

analysis of the DO measurements. There was no statistical difference between the DO 

measured in the presence of either material at any time point. This is interesting because it 

was possible to incorporate considerably more CD:IC in the PCU fibers than in the PCL 

fibers. This may be explained by the fact that PCL is degradable whereas PCU is not, thus 

only the complexes on the surface of the PCU-CD:IC fibers were available whereas when 

the PCL matrix began to degrade, increasingly more complex was released. Further studies 

are necessary to ascertain how the two materials would compare over the long term. It is 

predicted that the oxygen delivery provided by the PCL-CD:IC scaffold would exceed that 

of the PCU-CD:IC material because it is biodegradable. Over the lifespan of the PCL, (> 2 

years)16 CD:IC would become uncovered from the polymer matrix and/or completely 

released. This would serve to prolong the improvement of oxygen delivery to the cells 

seeded on the construct whereas the CD:IC contained within the PCU fibers would remain 

buried throughout the culture time. 
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A preliminary study was carried out in order to ascertain if there was a burst of CD:IC 

released from the polymer matrix upon submersion in PBS; the change in mass of the 

fibrous mats were studied alongside the DO measurements. The results of this study are 

presented in Table 5-5. Any increases in mass can be attributed to precipitation of PBS 

salts on the scaffold after they were dried for 72 hours. A desiccator was used instead of 

heat to dry to the scaffolds in order to prevent destruction of the inclusion complex and 

loss of the PFP guest. Consequently, it is possible that only the surface moisture was 

removed such that residual PBS on the fibers would cause a superficial increase in the final 

mass of the fibers. Due to the inconsistency in the change in mass of the fibers, the release 

of CD:IC from the fibers cannot be commented on conclusively. Nevertheless, it was 

observed that overall there was a greater release from the PCU-CD:IC fibers when 

compared to the PCU control fibers. Because PCU is not a degradable polymer, this loss 

can likely be attributed to the leaching of the CD:IC from the surface of the fibers. A similar 

trend was not distinguishable for the PCL-based scaffolds and the results were 

Figure 5-4: Dissolved oxygen measurements for PCU-CD:IC and PCL-CD:IC 

scaffolds in PBS at 37 °C. Dissolved oxygen was measured using a fiber optic probe. 

Data are means ± SD for experiments conducted in triplicate, * indicates statistical 

significance at p<0.05 
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inconclusive. Further studies should be carried out to better ascertain the changes in the 

electrospun fibers after submersion in PBS with respect to the release of CD:IC and its 

effect on dissolved oxygen. For instance, analysis of SEM images would allow for the 

observation of morphological changes occurring in the fibers with mass loss. 

 

Table 5-5: Change in mass (%) recorded for 3D PCU and PCL scaffolds 

incorporating CD:IC and their corresponding controls 

Day PCU Control PCU-CD:IC 

 A B C Average A B C Average 

1 -14.3 -1.85 -19.5 -119 -12.5 -23.8 -32.0 -22.8 

3 5.26 5.56 10.3 7.04 -30.0 -36.0 -43.8 -36.6 

5 -4.35 6.25 -2.63 -0.24 -25.0 -35.6 -47.1 -35.9 

7 3.85 9.52 0.00 4.46 -43.4 -41.9 -51.4 -45.6 

10 -2.04 4.55 0.00 0.83 -37.2 -38.3 -37.0 -37.5 

14 -5.71 0.00 0.00 -1.90 -37.5 175 62.8 66.8 
         

Day PCL Control PCL-CD:IC 

 A B C Average A B C Average 

1 -8.33 -25.0 -11.1 -14.8 -33.3 -21.2 -27.6 -27.4 

3 -14.3 -3.23 -4.55 -7.36 -19.5 -4.17 -5.26 -9.64 

5 -14.3 -9.09 -14.3 -12.6 -14.3 -17.0 -14.0 -15.1 

7 -0.36 -0.31 -0.29 -0.32 -20.5 -20.4 -26.1 -22.3 

10 -20.4 -23.3 -29.0 -24.2 -20.0 -15.4 -16.7 -17.4 

14 -42.1 -16.0 -8.33 -22.1 128.0 16.7 36.7 60.5 
         

 

Overall, incorporating the CD:IC within 3D electrospun scaffolds resulted in an increase 

in the DO measured in the surrounding PBS. The results of this study are promising and 

suggest that incorporating CD/PFC inclusion complexes in scaffolds would be an effective 

strategy for enhancing the oxygen delivery to cells seeded on the constructs. An increase 

in dissolved oxygen was observed with both biostable, PCU, and biodegradable, PCL, 

materials. This promotes the idea that this approach is incredibly versatile, such that the 

CD:IC could theoretically be incorporated in a plethora of different polymer materials via 

electrospinning. Furthermore, these results indicate that at least some of the CD:IC 

embedded within the constructs was on the surface of the fibers and available for oxygen 

delivery. This correlates with the data obtained from XPS (Section 4.4.2) which 
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demonstrated that there was increased oxygen content on the surface of the fibers. 

Although this study served as a proof of concept, further studies are required in order to 

ascertain the ability of these scaffolds to enhance oxygen delivery in the long term. 

 

5.5 Conclusion 

One unsolved problem in tissue engineering is overcoming the diffusional limitations of 

oxygen which lead to hypoxia in the center of tissue engineering constructs. In this study, 

the feasibility of using PFP as an oxygen carrier, specifically in the form of a cyclodextrin 

inclusion complex, was explored. Dissolved oxygen concentration significantly increased 

in the presence of PFP at all conditions tested, with as low as 1% PFP required for a 

statistically significant increase in most cases. At a number of conditions, it was observed 

that incorporating the PFP in the form of a cyclodextrin inclusion complex actually served 

to further enhance the dissolved oxygen in solution. Moreover, including the PFP within 

the α-CD cavity served to enhance the stability of the PFP and the complexes provided a 

statistically significant increase in DO after storage in the refrigerator for 2 weeks. 

 

The CD:IC was then embedded in 3D PCU and PCL scaffolds fabricated via 

electrospinning. Dissolved oxygen concentration increased in PBS in the presence of these 

scaffolds on Day 3 for PCL-CD:IC and Day 5 for PCU-CD:IC, and remained statistically 

higher than the PBS control for both materials over the remainder of the 14 day period. 

This indicates that at least some of the CD:IC remained available for oxygen delivery when 

contained within the polymer matrix. 

 

Taken together, these data suggest the potential for scaffolds functionalized with CD:IC to 

enhance oxygen delivery to seeded cells for application in tissue engineering. Incorporating 

the oxygen carrier directly in the scaffold enables the delivery of oxygen throughout the 

construct, especially in the center where it is difficult to reach by diffusion alone. 

Furthermore, it is an improvement upon using PFCs and their emulsions directly in the 

culture media because the oxygen carriers are embedded within the scaffold and therefore 

will not settle in the media. 
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6 GENERAL DISCUSSION AND CONCLUSIONS 

Overview: This chapter provides a general summery of the overall work of this thesis as 

per the specific objectives mentioned in Section 2.5. The strengths and limitations of this 

work are summarized with directions for future work. Finally, the overall significance of 

this work for tissue engineering is included. 

 

6.1 Conclusions 

The main goal of this study was to enhance the delivery of oxygen to cells seeded on 

scaffolds for application in tissue engineering. The fundamental basis for the strategy 

explored was the ability of PFCs to transport large quantities of oxygen due to increased 

solubility according to Henry’s Law. The initial step involved preparing an inclusion 

complex between cyclodextrin and a perfluorocarbon. Specifically, α-CD and PFP were 

selected as the host and guest, respectively, following preliminary experiments and 

according to the close match between the dimensions of the α-CD cavity and PFP diameter. 

Of the numerous complexation techniques available, co-precipitation, paste mixing, and 

dry mixing were conducted. The products were characterized with FTIR, TGA, and XRD 

in order to establish the most effective complexation technique for the specific host and 

guest molecules utilized. Taken together, the characterization techniques showed that paste 

mixing and dry mixing, at a molar ratio of 2:1 α-CD to PFP, were the most effective 

complexation techniques. Further tests were conducted with the CD:IC prepared by paste 

mixing. 

 

The next step involved incorporating the CD:IC into a 3D tissue engineering construct. 

Electrospinning was selected as the fabrication technique, with PCU and PCL as the stable 

and biodegradable polymer matrices, respectively. SEM micrographs were used to 

characterize the resulting fibrous mats in terms of fiber diameter and uniformity. The 

optimized concentrations were determined to be 8 % (v/v) PCU with respect to solvent, 50 

% (w/w) CD:IC with respect to polymer and 8 % (v/v) PCL with respect to solvent, 15 % 

(w/w) CD:IC with respect to polymer. The fibers in these mats had average diameters of 

(232 ± 31) nm and (342±56) nm for PCU-CD:IC and PCL-CD:IC, respectively, which is 



109 

 

 

 

 

within the acceptable margin for most tissue engineering applications. XPS survey scans 

of the fibers indicated that at least some of the CD:IC was present on the surface of both 

the PCU and PCL fibers. 

 

Finally, the ability of the CD:IC and the CD:IC-containing scaffolds to enhance oxygen 

delivery in vitro was studied. Dissolved oxygen, measured with a fiber optic probe in PBS, 

was significantly increased in the presence of as low as 1 % PFP. Furthermore, in some 

cases incorporating the PFC as a CD:IC actually served to further enhance the dissolved 

oxygen. After being embedded within a polymer matrix and electrospun into a 3D fibrous 

mat, the CD:ICs maintained their ability to enhance the oxygen delivery. Statistically 

significant increases in dissolved oxygen measured in the PBS surrounding the fibrous 

mats were observed for both the PCU- and PCL-based materials on Day 5 and 3, 

respectively. This increase was maintained over the remainder of the 14 day period of the 

experiment for both materials. 

 

Taken together, the experiments conducted over the course of this study demonstrate that 

CD:ICs prepared with a PFC are viable oxygen carriers. Embedding the CD/PFC inclusion 

complexes within a 3D scaffold is a feasible approach to enhance oxygen delivery to cells 

seeded on tissue engineering constructs with the ultimate goal of developing clinically 

thick tissues. 

 

6.2 Strengths and Limitations 

In this study, a strategy for enhancing oxygen delivery in scaffold-guided tissue 

engineering was developed. The strategy involved incorporating cyclodextrin inclusion 

complexes with perfluorocarbons as oxygen carriers in tissue engineering scaffolds. One 

of the strengths of this approach is that by incorporating the PFC within the CD cavity, the 

limitations with stability and user-friendliness of PFC emulsions are overcome. Moreover, 

incorporating the oxygen carriers directly within the scaffold prevents, or at least hinders, 

the settling of the PFC droplets in either the culture well or medium reservoir. Having the 

CD:ICs embedded directly in the scaffold also serves to provide enhanced oxygen delivery 

throughout the scaffold, particularly in the center which is difficult to reach by diffusion 
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alone. Furthermore, the advantage of using CD/PFC complexes over oxygen generating 

compounds, such as calcium peroxide1 or sodium percarbonate,2 is that they are not 

depleted and theoretically have an unlimited lifespan. 

 

One of the major strengths with the use of a cyclodextrin/perfluorocarbon inclusion 

complex as an oxygen carrier is that there is potential to incorporate the CD:IC within 

virtually any polymer via electrospinning. In this study alone, it was possible to embed the 

CD:ICs within both stable and degradable polymer matrices. Additionally, the application 

of the CD:ICs as oxygen carriers could be extended to other biomaterials; for example, 

hydrogels containing cyclodextrin have been reported.3-5 Another advantage of utilizing 

cyclodextrin as the oxygen carrier is that cyclodextrins are natural and relatively non-toxic, 

making them suitable for biological applications, they have a low price, and are 

commercially available.6 In the body, CDs are mainly excreted in their intact form by renal 

filtration as they are minimally susceptible to hydrolytic cleavage or degradation by human 

enzymes.7 

 

A limitation of this work is the absence of in vitro cell studies. Preliminary cell culture 

experiments were carried out on the CD:IC-functionalized fibrous mats (Appendix 7-7), 

however, they were not comprehensive enough to conclusively draw conclusions on the 

cytotoxicity of the α-CD/PFP inclusion complex. Although CD is well-known to be 

relatively non-toxic,6 PFC emulsions are generally considered to be cytotoxic to cultured 

human fibroblast cells in a concentration-dependent manner.8, 9 Previous experiments 

carried out in our lab on HCASMCs, on the other hand, demonstrated cell viability in the 

presence of perfluorodecalin.10 In future work, it is therefore necessary to clarify the 

cytotoxicity of the PFC used in this study in the form of a cyclodextrin inclusion complex 

embedded within 3D tissue engineering constructs. 

 

Another limitation of this work is the lack of characterization for the complexes prepared 

from all techniques attempted. As the ultimate objective of this work was to test the ability 

of the inclusion complex to enhance oxygen delivery when embedded within a tissue 

engineering scaffold, once sufficient characterization was carried out to confirm complex 
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formation the focus was shifted to fabricating the scaffolds and carrying out analysis in 

vitro. Theoretically, an entire thesis work could be dedicated to varying the parameters 

associated with each complexation technique and thoroughly characterizing the resulting 

products. 

 

6.3 Future Directions 

In light of the work presented here, future work on this project should include: 

 Short-term in vitro cell studies on the electrospun fibers incorporating CD:IC to 

evaluate cytotoxicity and cell spreading 

 Long-term in vitro cell studies on the 3D PCU-CD:IC and PCL-CD:IC scaffolds to 

further explore their capacity to enhance oxygen delivery, specifically in terms of 

increased proliferation overall and decreased necrosis in the center of the construct 

 Long-term studies to investigate the release of the CD:IC from the degradable PCL 

and stable PCU scaffolds 

 Further characterization of the PCU-CD:IC and PCL-CD:IC scaffolds to clarify the 

positioning of the CD:IC in the fibers 

 Mechanical testing on the 3D PCU-CD:IC and PCL-CD:IC scaffolds to ensure 

appropriateness for tissue engineering applications 

 Electrospinning with different polymers and further research different types of 

biomaterials in order to confirm the versatility of this approach 

 

6.4 Significance 

The focus of this research was the development of a novel inclusion complex, prepared 

between α-cyclodextrin and perfluoroperhydrophenanthrene, and the incorporation of the 

inclusion complex in three-dimensional scaffolds. This study serves as the foundation for 

the use of cyclodextrin/perfluorocarbon inclusion complexes as oxygen carriers in 
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scaffold-guided tissue engineering. Alternative oxygen delivery strategies utilizing 

different cyclodextrins, perfluorocarbons, scaffold polymers, or fabrication techniques 

may yet be developed.  
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7 APPENDICES 
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Appendix 6-1: XPS spectra of the unmodified α-CD and prepared CD:IC, and the 3D 

PCU and PCL scaffolds incorporating the α-CD and CD:IC 
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Appendix 7-2: Statistical data for dissolved oxygen measurements in PBS at various 

conditions in the presence of α-CD, PFP, and α-CD/PFP CD:ICs. Dissolved oxygen 

was measured with a fiber optic probe. Data are means ± SD for experiments 

performed in triplicate. Statistical significance: x indicates p>0.05, * indicates p≤0.05. 

*** indicates p≤0.001. 

RT, No Surfactant, Day 1 

PBS Control vs. 8.64(±0.07) 1% PFP 8.73(±0.11) 0.71 x 

  1% CD:IC 8.70(±0.05) 0.96 x 

  2% PFP 8.85(±0.02) 0.01 * 

  2% CD:IC 8.96(±0.06) <0.001 *** 

  4% PFP 9.13(±0.08) <0.001 *** 

  4% CD:IC 8.98(±0.08) <0.001 *** 
      

PBS Control vs. 8.64(±0.07) 1% CD 8.65(±0.03) 1 x 

  2% CD 8.64(±0.04) 1 x 

  4% CD 8.66(±0.006) 1 x 
      

1% CD vs. 8.65(±0.03) 1% CD:IC 8.70(±0.05) 0.99 x 

2% CD vs. 8.64(±0.04) 2% CD:IC 8.97(±0.06) <0.001 *** 

4% CD vs. 8.66(±0.01) 4% CD:IC 8.98(±0.08) <0.001 *** 
      

1% CD:IC vs. 8.70(±0.05) 2% CD:IC 8.96(±0.06) 0.001 *** 

2% PFP vs. 8.85(±0.02) 2% CD:IC 8.96(±0.06) 0.42 x 

2% PFP vs. 8.85(±0.02) 4% PFP 9.13(±0.08) <0.001 *** 

2% CDIC vs. 8.96(±0.06) 4% CD:IC 8.98(±0.08) 1 x 

4% PFP vs. 9.13(±0.08) 4% CD:IC 8.98(±0.08) 0.18 x 
      

RT, Surfactant, Day 1 

PBS Control vs. 8.50(±0.09) 1% PFP 8.73(±0.03) 0.01 * 

  1% CD:IC 8.73(±0.03) 0.01 * 

  2% PFP 8.89(±0.05) <0.001 *** 

  2% CD:IC 9.32(±0.04) <0.001 *** 

  4% PFP 9.41(±0.14) <0.001 *** 

  4% CD:IC 9.63(±0.03) <0.001 *** 
      

PBS Control vs. 8.50(±0.09) 1% CD 8.60(±0.03) 0.64 x 

  2% CD 8.48(±0.10) 1 x 

  4% CD 8.67(±0.02) 0.11 x 
      

1% CD vs. 8.60(±0.03) 1% CD:IC 8.73(±0.03) 0.48 x 

2% CD vs. 8.48(±0.10) 2% CD:IC 9.32(±0.04) <0.001 *** 

4% CD vs. 8.67(±0.02) 4% CD:IC 9.63(±0.03) <0.001 *** 
      

1% CD:IC vs. 8.73(±0.03) 2% CD:IC 9.32(±0.04) <0.001 *** 

2% PFP vs. 8.89(±0.05) 2% CD:IC 9.32(±0.04) <0.001 *** 

2% PFP vs. 8.89(±0.05) 4% PFP 9.41(±0.14) <0.001 *** 
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2% CDIC vs. 9.32(±0.03) 4% CD:IC 9.63(±0.03) <0.001 *** 

4% PFP vs. 9.41(±0.137) 4% CD:IC 9.63(±0.0299) 0.02 * 
      

37°C, No Surfactant, Day 1 

PBS Control vs. 6.81(±0.03) 1% PFP 7.10(±0.07) <0.001 *** 

  1% CD:IC 7.29(±0.04) <0.001 *** 

  2% PFP 7.34(±0.08) <0.001 *** 

  2% CD:IC 7.41(±0.02) <0.001 *** 

  4% PFP 7.63(±0.01) <0.001 *** 

  4% CD:IC 7.87(±0.02) <0.001 *** 
      

PBS Control vs. 6.806(±0.0333) 1% CD 6.88(±0.02) 0.06 x 

  2% CD 6.90(±0.02) 0.25 x 

  4% CD 7.12(±0.04) <0.001 *** 
      

1% CD vs. 6.879(±0.0238) 1% CD:IC 7.29(±0.04) <0.001 *** 

2% CD vs. 6.899(±0.0167) 2% CD:IC 7.41(±0.02) <0.001 *** 

4% CD vs. 7.118(±0.038) 4% CD:IC 7.87(±0.02) <0.001 *** 
      

1% CD:IC vs. 7.288(±0.0397) 2% CD:IC 7.41(±0.02) 0.04 * 

2% PFP vs. 7.343(±0.0809) 2% CD:IC 7.41(±0.02) 0.60 x 

2% PFP vs. 7.343(±0.0809) 4% PFP 7.63(±0.01) <0.001 *** 

2% CDIC vs. 7.414(±0.0244) 4% CD:IC 7.87(±0.02) <0.001 *** 

4% PFP vs. 7.632(±0.0119) 4% CD:IC 7.87(±0.02) <0.001 *** 
      

37°C, Surfactant, Day 1 

PBS Control vs. 6.925(±0.0423) 1% PFP 7.14(±0.02) <0.001 *** 

  1% CD:IC 7.28(±0.03) <0.001 *** 

  2% PFP 7.60(±0.002) <0.001 *** 

  2% CD:IC 7.69(±0.02) <0.001 *** 

  4% PFP 7.91(±0.02) <0.001 *** 

  4% CD:IC 7.95(±0.005) <0.001 *** 
      

PBS Control vs. 6.925(±0.0423) 1% CD 6.95(±0.05) 0.99 x 

  2% CD 6.94(±0.07) 1 x 

  4% CD 7.07(±0.03) 0.001 *** 
      

1% CD vs. 6.953(±0.0467) 1% CD:IC 7.28(±0.03) <0.001 *** 

2% CD vs. 6.942(±0.0668) 2% CD:IC 7.69(±0.02) <0.001 *** 

4% CD vs. 7.071(±0.0270) 4% CD:IC 7.95(±0.005) <0.001 *** 
      

1% CD:IC vs. 7.281(±0.03) 2% CD:IC 7.69(±0.02) <0.001 *** 

2% PFP vs. 7.602(±0.00210) 2% CD:IC 7.69(±0.02) 0.12 x 

2% PFP vs. 7.602(±0.00210) 4% PFP 7.91(±0.02) <0.001 *** 

2% CDIC vs. 7.687(±0.0165) 4% CD:IC 7.95(±0.005) <0.001 *** 

4% PFP vs. 7.906(±0.0240) 4% CD:IC 7.95(±0.005) 0.8 x 
      

RT, No Surfactant, Day 14 

PBS Control vs. 7.81(±0.04) 1% PFP 8.05(±0.03) <0.001 *** 
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1% CD:IC 7.94(±0.07) 0.02 * 

  2% PFP 8.02(±0.004) <0.001 *** 

  2% CD:IC 8.14(±0.04) <0.001 *** 

  4% PFP 8.53(±0.006) <0.001 *** 

  4% CD:IC 8.66(±0.04) <0.001 *** 
      

PBS Control vs. 7.80(±0.04) 1% CD 7.62(±0.04) 0.001 *** 

  2% CD 7.74(±0.07) 0.76 x 

  4% CD 8.29(±0.03) <0.001 *** 
      

1% CD vs. 7.62(±0.04) 1% CD:IC 7.94(±0.07) <0.001 *** 

2% CD vs. 7.74(±0.07) 2% CD:IC 8.14(±0.04) <0.001 *** 

4% CD vs. 8.29(±0.03) 4% CD:IC 8.66(±0.04) <0.001 *** 
      

1% CD:IC vs. 7.94(±0.07) 2% CD:IC 8.14(±0.04) <0.001 *** 

2% PFP vs. 8.02(±0.004) 2% CD:IC 8.14(±0.04) 0.05 * 

2% PFP vs. 8.02(±0.004) 4% PFP 8.53(±0.006) <0.001 *** 

2% CDIC vs. 8.14(±0.04) 4% CD:IC 8.66(±0.04) <0.001 *** 

4% PFP vs. 8.53(±0.006) 4% CD:IC 8.66(±0.04) 0.04 * 
      

RT, Surfactant, Day 14 

PBS Control vs. 7.84(±0.08) 1% PFP 8.26(±0.04) <0.001 *** 

  1% CD:IC 8.36(±0.01) <0.001 *** 

  2% PFP 8.47(±0.01) <0.001 *** 

  2% CD:IC 8.91(±0.04) <0.001 *** 

  4% PFP 9.29(±0.05) <0.001 *** 

  4% CD:IC 9.54(±0.04) <0.001 *** 
      

PBS Control vs. 7.84(±0.08) 1% CD 7.80(±0.05) 0.97 x 

  2% CD 7.98(±0.02) 0.01 * 

  4% CD 8.16(±0.01) <0.001 *** 
      

1% CD vs. 7.80(±0.05) 1% CD:IC 8.36(±0.01) <0.001 *** 

2% CD vs. 7.98(±0.02) 2% CD:IC 8.91(±0.04) <0.001 *** 

4% CD vs. 8.16(±0.01) 4% CD:IC 9.54(±0.04) <0.001 *** 
      

1% CD:IC vs. 8.36(±0.01) 2% CD:IC 8.91(±0.04) <0.001 *** 

2% PFP vs. 8.47(±0.01) 2% CD:IC 8.91(±0.04) <0.001 *** 

2% PFP vs. 8.47(±0.01) 4% PFP 9.29(±0.05) <0.001 *** 

2% CDIC vs. 8.91(±0.04) 4% CD:IC 9.54(±0.04) <0.001 *** 

4% PFP vs. 9.29(±0.05) 4% CD:IC 9.54(±0.04) <0.001 *** 
      

37°C, No Surfactant, Day 14 

PBS Control vs. 6.66(±0.02) 1% PFP 6.91(±0.02) <0.001 *** 

  1% CD:IC 7.13(±0.02) <0.001 *** 

  2% PFP 7.22(±0.01) <0.001 *** 

  2% CD:IC 7.32(±0.01) <0.001 *** 

  4% PFP 7.40(±0.01) <0.001 *** 



118 

 

 

 

 

  
4% CD:IC 7.71(±0.01) <0.001 *** 

      

PBS Control vs. 6.66(±0.02) 1% CD 6.78(±0.02) 0.004 * 

  2% CD 6.78(±0.02) 0.01 * 

  4% CD 6.93(±0.09) <0.001 *** 
      

1% CD vs. 6.78(±0.02) 1% CD:IC 7.13(±0.02) <0.001 *** 

2% CD vs. 6.78(±0.02) 2% CD:IC 7.32(±0.01) <0.001 *** 

4% CD vs. 6.93(±0.09) 4% CD:IC  <0.001 *** 
      

1% CD:IC vs. 7.13(±0.02) 2% CD:IC 7.32(±0.01) <0.001 *** 

2% PFP vs. 7.22(±0.01) 2% CD:IC 7.32(±0.01) 0.04 * 

2% PFP vs. 7.22(±0.01) 4% PFP 7.40(±0.01) <0.001 *** 

2% CDIC vs. 7.32(±0.01) 4% CD:IC 7.71(±0.01) <0.001 *** 

4% PFP vs. 7.40(±0.01) 4% CD:IC 7.71(±0.01) <0.001 *** 
      

37°C, Surfactant, Day 14 

PBS Control vs. 6.82(±0.01) 1% PFP 7.04(±0.04 <0.001 *** 

  1% CD:IC 7.27(±0.01) <0.001 *** 

  2% PFP 7.51(±0.02) <0.001 *** 

  2% CD:IC 7.61(±0.01) <0.001 *** 

  4% PFP 7.75(±0.01) <0.001 *** 

  4% CD:IC 7.92(±0.02) <0.001 *** 
      

PBS Control vs. 6.82(±0.01) 1% CD 6.92(±0.04) 0.01 * 

  2% CD 6.88(±0.02) 0.16 x 

  4% CD 6.84(±0.02) 0.50 x 
      

1% CD vs. 6.92(±0.043) 1% CD:IC 7.27(±0.01) <0.001 *** 

2% CD vs. 6.88(±0.02) 2% CD:IC 7.61(±0.01) <0.001 *** 

4% CD vs. 6.84(±0.02) 4% CD:IC 7.92(±0.02) <0.001 *** 
      

1% CD:IC vs. 7.27(±0.01) 2% CD:IC 7.61(±0.01) <0.001 *** 

2% PFP vs. 7.51(±0.02) 2% CD:IC 7.61(±0.01) 0.004 * 

2% PFP vs. 7.51(±0.02) 4% PFP 7.75(±0.01) <0.001 *** 

2% CDIC vs. 7.61(±0.01) 4% CD:IC 7.92(±0.02) <0.001 *** 

4% PFP vs. 7.75(±0.01) 4% CD:IC 7.92(±0.02) <0.001 *** 
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Appendix 7-3: Statistical data showing the effect of surfactant on dissolved oxygen 

measurements in PBS at various conditions in the presence of α-CD, PFP, and α-

CD/PFP CD:ICs. Dissolved oxygen was measured with a fiber optic probe. Data are 

means ± SD for experiments performed in triplicate. Statistical significance: x 

indicates p>0.05, * indicates p≤0.05. *** indicates p≤0.001. 

 No Surfactant Surfactant p value Significance 

RT, Day 1 

PBS Control 8.64(±0.07) 8.50(±0.09) 0.52 x 

     

1% CD 8.65(±0.03) 8.60(±0.03) 1.00 x 

2% CD 8.64(±0.04) 8.48(±0.10) 0.38 * 

4% CD 8.66(±0.01) 8.67(±0.02) 1.00 x 

     

1% PFP 8.73(±0.11) 8.73(±0.03) 1.00 x 

1% CD:IC 8.70(±0.04) 8.73(±0.03) 1.00 x 

2% PFP 8.85(±0.02) 8.89(±0.05) 1.00 x 

2% CD:IC 8.97(±0.06) 9.32(±0.04) <0.001 *** 

4% PFP 9.13(±0.08) 9.41(±0.14) <0.001 *** 

4% CD:IC 8.98(±0.08) 9.63(±0.03) <0.001 *** 
     

37°C, Day 1 

PBS Control 6.81(±0.03) 6.92(±0.04) 0.05 x 

     

1% CD 6.88(±0.02) 6.95(±0.05) 0.67 x 

2% CD 6.90(±0.02) 6.94(±0.07) 1 x 

4% CD 7.12(±0.04) 7.07(±0.03) 0.99 x 

     

1% PFP 7.10(±0.07) 7.14(±0.02) 1.00 x 

1% CD:IC 7.29(±0.04) 7.28(±0.03) 1.00 x 

2% PFP 7.34(±0.08) 7.60(±0.002) <0.001 *** 

2% CD:IC 7.41(±0.02) 7.69(±0.02) <0.001 *** 

4% PFP 7.63(±0.01) 7.91(±0.02) <0.001 *** 

4% CD:IC 7.868(±0.0207) 7.952(±0.00461) 0.461 x 
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RT, Day 14 

PBS Control 7.80(±0.04) 7.84(±0.08) 1 x 

     

1% CD 7.62(±0.04) 7.80(±0.052) <0.001 *** 

2% CD 7.74(±0.07) 7.98(±0.02) <0.001 *** 

4% CD 8.29(±0.03) 8.16(±0.01) 0.02 * 

     

1% PFP 8.05(±0.03) 8.26(±0.04) <0.001 *** 

1% CD:IC 7.94(±0.07) 8.36(±0.01) <0.001 *** 

2% PFP 8.02(±0.004) 8.47(±0.01) <0.001 *** 

2% CD:IC 8.14(±0.04) 8.91(±0.04) <0.001 *** 

4% PFP 8.53(±0.01) 9.29(±0.047) <0.001 *** 

4% CD:IC 8.66(±0.04) 9.54(±0.04) <0.001 *** 
     

37°C, Day 14 

PBS Control 6.66(±0.02) 6.82(±0.01) <0.001 *** 

     

1% CD 6.78(±0.02) 6.92(±0.04) <0.001 *** 

2% CD 6.78(±0.02) 6.88(±0.02) 0.01 * 

4% CD 6.93(±0.09) 6.84(±0.02) 0.02 * 

     

1% PFP 6.91(±0.02) 7.04(±0.04) <0.001 *** 

1% CD:IC 7.13(±0.02) 7.27(±0.01) <0.001 *** 

2% PFP 7.22(±0.01) 7.51(±0.02) <0.001 *** 

2% CD:IC 7.32(±0.01) 7.61(±0.01) <0.001 *** 

4% PFP 7.40(±0.01) 7.75(±0.01) <0.001 *** 

4% CD:IC 7.71(±0.01) 7.92(±0.02) <0.001 *** 
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Appendix 7-4: Statistical data showing the effect of storage for 14 days in a 

refrigerator on dissolved oxygen measured in PBS in the presence of α-CD, PFP, and 

α-CD/PFP CD:ICs. Dissolved oxygen was measured with a fiber optic probe. Data are 

means ± SD for experiments performed in triplicate. Statistical significance: x 

indicates p>0.05, * indicates p≤0.05. *** indicates p≤0.001. 

 

 
Day 1 Day 14 p value Significance 

RT, No Surfactant 

PBS Control 8.64(±0.07) 7.80(±0.044) <0.001 *** 

     

1% CD 8.65(±0.03) 7.62(±0.04) <0.001 *** 

2% CD 8.64(±0.04) 7.74(±0.07) <0.001 *** 

4% CD 8.66(±0.01) 8.29(±0.03) <0.001 *** 

     

1% PFP 8.73(±0.11) 8.05(±0.03) <0.001 *** 

1% CD:IC 8.70(±0.05) 7.94(±0.07) <0.001 *** 

2% PFP 8.85(±0.02) 8.02(±0.004) <0.001 *** 

2% CD:IC 8.96(±0.06) 8.14(±0.04) <0.001 *** 

4% PFP 9.13(±0.08) 8.53(±0.01) <0.001 *** 

4% CD:IC 8.98(±0.08) 8.66(±0.04) <0.001 *** 
     

RT, Surfactant 

PBS Control 8.50(±0.09) 7.84(±0.08) <0.001 *** 

     

1% CD 8.60(±0.03) 7.80(±0.05) <0.001 *** 

2% CD 8.48(±0.10) 7.98(±0.02) <0.001 *** 

4% CD 8.67(±0.02) 8.16(±0.01) <0.001 *** 

     

1% PFP 8.73(±0.03) 8.26(±0.04) <0.001 *** 

1% CD:IC 8.73(±0.03) 8.36(±0.01) <0.001 *** 

2% PFP 8.89(±0.05) 8.47(±0.01) <0.001 *** 

2% CD:IC 9.32(±0.04) 8.91(±0.04) <0.001 *** 

4% PFP 9.41(±0.14) 9.29(±0.05) 0.49 x 
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4% CD:IC 9.63(±0.03) 9.54(±0.04) 0.87 x 
     

37°C, No Surfactant 

PBS Control 6.806(±0.0333) 6.66(±0.01) 0.76 x 

     

1% CD 6.88(±0.02) 6.78(±0.02) 0.83 x 

2% CD 6.90(±0.02) 6.78(±0.02) 1.09 x 

4% CD 7.12(±0.04) 6.93(±0.09) 0.93 x 

     

1% PFP 7.10(±0.07) 6.91(±0.02) 0.83 x 

1% CD:IC 7.29(±0.04) 7.13(±0.02) 0.99 x 

2% PFP 7.34(±0.08) 7.22(±0.01) 0.79 x 

2% CD:IC 7.41(±0.02) 7.32(±0.01) 0.66 x 

4% PFP 7.63(±0.01) 7.40(±0.01) 0.63 x 

4% CD:IC 7.87(±0.02) 7.71(±0.01) 0.30 x 
     

37°C, Surfactant 

PBS Control 6.92(±0.04) 6.82(±0.01) 0.02 * 

     

1% CD 6.95(±0.05) 6.92(±0.04) 0.99 x 

2% CD 6.94(±0.07) 6.88(±0.02) 0.58 x 

4% CD 7.07(±0.0270) 6.84(±0.02) <0.001 *** 

     

1% PFP 7.14(±0.02) 7.04(±0.04) 0.02 * 

1% CD:IC 7.28(±0.03) 7.27(±0.01) 1 x 

2% PFP 7.60(±0.002) 7.51(±0.02) 0.07 x 

2% CD:IC 7.69(±0.02) 7.61(±0.01) 0.17 x 

4% PFP 7.91(±0.02) 7.75(±0.01) <0.001 *** 

4% CD:IC 7.95(±0.005) 7.92(±0.02) 1 x 
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Appendix 7-5: Statistical analysis for dissolved oxygen measured in PBS at 37 °C in 

the presence of 3D electrospun fibrous mats compared to a PBS control. Dissolved 

oxygen was measured with a fiber optic probe. Data are means ± SD for experiments 

performed in triplicate. Statistical significance: x indicates p>0.05, * indicates p≤0.05. 

*** indicates p≤0.001. 

 DO (mg/L) p value Significance DO (mg/L) p value Significance 

Day PCU PCU-CD:IC 

1 6.43(±0.22) 0.34 x 8.47(±0.48) 0.18 x 

3 7.82(±0.08) 0.99 x 8.07(±0.32) 0.78 x 

5 8.14(±0.26) 0.68 x 9.71(±0.32) <0.001 *** 

7 8.26(±0.35) 0.45 x 10.9(±0.53) <0.001 *** 

10 7.04(±0.96) 1.00 x 9.38(±0.26) <0.001 *** 

14 7.93(±0.19) 0.94 x 9.63(±0.62) <0.001 *** 
       

Day PCU PCU-CD:IC 

1 6.57(±0.20) 0.59 x 8.52(±0.80) 0.16 x 

3 8.38(±0.18) 0.32 x 9.02(±0.42) 0.01 * 

5 8.35(±0.33) 0.35 x 9.94(±0.29) <0.001 *** 

7 8.24(±0.87) 0.52 x 9.62(±0.45) <0.001 *** 

10 7.94(±0.42) 0.94 x 9.51(±0.21) <0.001 *** 

14 8.40(±0.12) 0.29 x 10.0(0.46) <0.001 *** 
       

 

Appendix 7-6: Statistical analysis comparing dissolved oxygen measured in the 

presence of 3D electrospun fibrous mats fabricated from PCU and PCL containing α-

CD/PFP CD:ICs in PBS at 37 °C. Dissolved oxygen was measured with a fiber optic 

probe. Data are means ± SD for experiments performed in triplicate. Statistical 

significance: x indicates p>0.05, * indicates p≤0.05. *** indicates p≤0.001. 

Day PCU-CD:IC PCL-CD:IC p value Significance 

1 8.47(±0.48) 8.52(±0.80) 1 x 

3 8.07(±0.32) 9.02(±0.42) 0.37 x 

5 9.71(±0.32) 9.94(±0.29) 1 x 

7 10.9(±0.53) 9.62(±0.45) 0.07 x 

10 9.38(±0.26) 9.51(±0.21) 1 x 

14 9.63(±0.62) 10.0(0.46) 0.99 x 
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Appendix 7-7: Preliminary Cell Studies 

Materials and Methods 

Cell Culture on 3D Scaffolds 

Three-dimensional polymer scaffolds with an area of approximately 3.2 cm2 were cut from 

PCU, PCU-CD:IC, PCL, and PCL-CD:IC electrospun fibrous mats. The scaffolds were 

exposed to UV irradiation for 1 hour per side for disinfection. The mats were transferred 

to culture plates, rinsed once with Hank’s Balanced Salt Solution (HBSS), and soaked in 

fresh HBSS overnight for conditioning (Invitrogen Canada Inc., Burlington, ON) at RT. 

Mouse embryonic fibroblasts (NIH-3T3 cell-line) were seeded directly on the surface of 

the scaffolds, at a density of 100,000 cells/scaffold, affixed to the bottom of the well using 

an O-ring. The cells were maintained in a humidified incubator at 37 °C and 5 % CO2 after 

adding with 0.5 mL/well of advanced DMEM (GIBCO® Invitrogen, Burlington, ON, 

Canada) containing 5 % FBS, 1 % antibiotics, and 0.2 mM L-glutamine. 

 

Cytotoxicity Assay 

Cell toxicity and proliferation were quantified by colorimetric assays of the metabolic 

activity of viable cells using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) (Vybrant® MTT Cell Proliferation Assay Kit, Invitrogen Canada Inc.). 

The MTT tetrazolium dye is reduced to insoluble formazan salts in correspondence to the 

activity level of NADPH-dependent oxidoreductase enzymes of metabolically active cells 

producing a purple colour. The concentration of the formazan salts, and therefore metabolic 

activity level of the cells present, is determined using optical density at λ = 570 nm. 

 

At time points of 1, 3, 5, and 7 days, the spent culture media was aspirated and replaced 

with 300 µL of fresh phenol-red free DMEM  (GIBCO® Invitrogen, Burlington, ON, 

Canada) followed by MTT (30 μL, Component A) and allowed to incubate for 4 hours. 

Sodium dodecyl sulphate in dilute acid (300 μL, Component B) was added to the wells to 

solubilize the water insoluble formazan salts upon thorough mixing and incubation 

overnight. The resultant coloured solution was quantified using a BioTek EL307C 

multiplate reader (BioTek Instruments, Inc., Winooski, VT) at the maximum absorbance 
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wavelength of the formazan solution (570 nm). The results of the MTT assays are presented 

as the mean ± standard deviation for experiments conducted with 3 replicates. 

 

Cytotoxicity Assay and Cell Spreading 

The ultimate application of the 3D fibrous scaffolds incorporating CD:ICs prepared with a 

PFP is to enhance oxygen delivery to cells seeded on the construct during in vitro 

maturation. It was therefore necessary to evaluate the interaction of the materials with cells 

to ensure their cytocompatibility. For this, the 3D mats were fixed to the bottom of a tissue 

culture plate well, and cytotoxicity and cell proliferation were analyzed using MTT assays. 

A mouse fibroblast cell line (NIH-3T3) was used to evaluate the effect of the CD:IC-

functionalized fibers on cell viability and metabolic activity over a time period of 7 days. 

The CD:IC-functionalized scaffolds were compared to PCU or PCL scaffolds without any 

modification as a control. As shown in Figure 7-1, there is no significant difference in the 

metabolic activity observed on the CD:IC-functionalized scaffolds as compared to the 

unmodified controls. Both PCU and PCL are well-known biocompatible materials,1 so the 

similarity in metabolic activity suggests that, at the concentrations tested, the CD:IC-

functionalized materials were not cytotoxic.  The differences observed between the PCU- 

and PCL-based materials is potentially due to the different amount of CD:IC incorporated 

within the polymer material. It was possible to incorporate 50 % (w/w) CD:IC in the PCU 

scaffold while maintaining adequate fiber morphology, but only 15 % (w/w) CD:IC was 

incorporated in the PCL scaffold. This data could indicate that there is a threshold above 

which the CD:IC becomes toxic to fibroblasts. Moreover, if there is any uncomplexed CD 

in the electrospinning solution, solvent could be retained in the cavity leading to 

cytotoxicity. Further studies are necessary to elicit the effect of the α-CD/PFP complex on 

cytotoxicity and proliferation, especially over the long-term. 
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Figure 7-1: Fibroblast metabolic activity as determined by MTT assay over a 7 day 

period. Metabolic activity on CD:IC-functionalized materials are compared to that 

on the unmodified base polymer. The data are presented as mean ± standard 

deviation. Experiments were carried out in triplicate. 
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