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ABSTRACT 

Tissue sealing is an attractive method for tissue sealing in laparoscopic (minimally inva-

sive) surgeries as it does not leave any materials in a patient’s body. Most of the research 

for tissue sealing has been concerned on the end-goal results of burst pressure, and not as 

much time has been spent investigating the more fundamental properties of tissue sealing 

which include temperature, pressure, time, vessel composition, disease state, and sealing 

modality (i.e., thermal, radiofrequency, and ultrasonic). This work investigates tempera-

ture and pressure by studying how these parameters affect collagen denaturation and 

burst pressure. Ethicon provided carotid arteries that were sealed under controlled tem-

perature and pressure with a constructed Thermal Jig. Additionally, denaturation of colla-

gen was studied with the use of carotid arteries and rat tail tendons with the use of FTIR 

spectroscopy under temperature and pressure control from an ATR accessory. From the 

research, it was determined that the burst pressure was highest with the temperature of 

140ºC. Changing the weight from 20lb to 50lb did not yield any significant difference. 

The results for burst pressure from the treatments of 100ºC;80psi;30s, 100ºC;330psi;30s, 

140ºC;80psi;30s, and 140ºC;330psi;30s were 188.4 ± 55.3mm Hg, 439.9 ± 232.6mm Hg, 

647.3 ± 241.3mm Hg, and 678.1 ± 153.7mm Hg, respectively. Denaturation onset was 

observed to be delayed with the application of pressure. For rat tail tendon, denaturation 

onset was observed to be 58.0 ± 2.5ºC and 60.1 ± 4.9ºC for loads of 0N and 2N, respec-

tively. For carotid artery, the denaturation onset was observed to be 59.8 ± 0.7ºC, 59.8 ± 

1.9ºC, 79.1 ± 4.3ºC, indeterminable, and indeterminable for loads of 0N, 2N, 10N, 20N, 

and 50N, respectively. To form an effective seal one must increase the temperature above 

100ºC. Additionally, the denaturation was delayed significantly as the load was in-

creased. This mechanical pressure correlates with results from osmotic pressure that also 

cause a delay in protein denaturation. Future work should investigate protein denaturation 

to higher temperature and tissue fusion by varying disease state of arteries, tissue compo-

sition (i.e., collagen and elastin content), and sealing time.  
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Temperature and Pressure Effects on Tissue Denaturation and Artery Sealing 

1. INTRODUCTION 

Tissue sealing is an attractive option for laparoscopic surgeries as opposed to using su-

ture, clips, or staples. Additionally, laparoscopic surgery has faster healing times than 

open surgery. Tissue sealing devices have been developed despite a lack of understanding 

the mechanisms of action in the sealing process. This study is divided into two parts. The 

first part will test the optimal conditions for artery sealing by varying temperature and 

pressure. The second part will investigate how protein denaturation in collagen is affected 

by heat and pressure.  

1.1 Tissue Sealing Overview 

Tissue sealing is some combination of forcing tissue together, heating the tissue up, 

maintaining both temperature and pressure over a certain amount of time and then remov-

ing the pressure and temperature. What remains is a permanent seal of tissue. Many com-

panies are around that make similar kinds of devices. The main companies are Medtronic 

(LigaSureTM), Ethicon (ENSEALTM), and Gyrus (GyrusTM). These companies make a va-

riety of tissue sealing devices which include bipolar and ultrasound energy sources. Table 

1 shows a summary of these sealing modalities. 
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Table 1: Summary of Tissue Sealing Modalities 

Tissue Sealing 

Modality 

Description of Modality Advantage Disadvantage Cost 

Mechanical Mechanical methods can 

be broken up into three 

main categories: colla-

gen-based, suture-based, 

and staples and clips [1] 

Clips are effective 

in providing a 

strong seal [2] 

Applying these me-

chanical means can 

be tedious [3] and 

they may migrate af-

ter placement [4, 5] 

Stapler: 

$300/each; 

Cartridge: 

$100/each 

[6] 

Bipolar A bipolar device uses 

two electrodes for focus-

ing the radiofrequency 

energy by having the tis-

sue clamped by both 

electrodes. The energy 

passes from one elec-

trode to the other, and the 

tissue heats up due to its 

impedance. The genera-

tor of the bipolar device 

monitors this tissue im-

pedance and changes the 

energy output based its 

algorithm in order to pro-

vide an effective seal [7]  

Thermal spread is 

less in bipolar than 

monopolar systems 

[8] 

Bipolar devices 

have the added dan-

ger of sticking to ad-

jacent tissue because 

of the hot bipolar 

device [9] 

LigaSure 

device 

($506) 

Force 

Triad 

Generator 

(with 

LigaSure): 

$36,050 

ENSEAL 

device: 

$425 

ENSEAL 

Generator: 

$11,500 

[10] 

Ultrasonic Harmonic scalpels simul-

taneous cut and seal ves-

sels by breaking up hy-

drogen bonds in tissue 

proteins with a vibrating 

titanium blade at 55,000 

Hz [10-12] 

Leaves small ther-

mal spread after 

closing vessels [13] 

Can only transect 

vessels up to 5mm 

[14] 

Harmonic 

ACE de-

vice 

($482) 

Harmonic 

Generator: 

$15,750 

[10] 

A summary of the burst pressure literature values of the HarmonicACE, ENSEAL, and 

LigaSure devices are shown in Figure 1 below. 
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Figure 1: Review of Burst Pressure from Common Devices where each of the bars corre-

spond to a separate study [2, 14-21] 

Additionally, these tissue sealing devices have been used in a number of surgeries which 

include cholecystectomy, hysterectomy, bullectomy, and splenectomy. Table 2 shows the 

surgeries that have been used with each device. 

Table 2: Summary of Surgeries performed with Various Sealing Devices 

Manufacturer Device Name Surgery Performed 
Ethicon  

(Cincinnati, OH, 

USA) 

Harmonic ACETM Bullectomy [22, 23] 

Cystic Duct Closure [24] 

Cholecystectomy [25, 26] 

Thyroidectomy [27, 28] 

Gastrectomy [29] 

Radical Prostatectomy [30] 

Medtronic 

(Dublin, Ireland) 

LigaSureTM Hemorrhoidectomy [31] 

Colectomy [32] 

Radical Prostatectomy [33] 

Cystic Duct Closure [24, 34, 35]  

Hysterectomy [36, 37] 

Splenectomy [5, 38] 

Liver Resection [39, 40] 

Pulmonary Resection [22, 23] 

ERBE 

(Tübingen, Germany) 

BiClampTM Hysterectomy [41, 42] 

Thyroidectomy [43] 

Pulmonary Resection [44] 

Tonsillectomy [45] 

Ethicon 

(Cincinnati, OH, 

USA) 

ENSEALTM Cholecystectomy [46] 

Cryptorchidectomy and ovariectomy [47] 

Nephrectomy [48] 

Hysterectomy [49] 

Colectomy [50] 
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The above table shows many surgeries that remove either partial or whole organs. Arter-

ies and veins sustain organs by transporting blood to them. These arteries need to be cut 

and sealed shut when extracting the organ. Thus, the need arises for a device to both seal 

(i.e., close off the vessel and sustain a pressure level more than normal blood pressure) 

and cut the arteries. Figure 2 shows a simple diagram of an organ connected to blood ves-

sels. 

 

Figure 2: Model of Organ Connected to Arteries and Veins 

The following sections will describe the components of tissue sealing, the work other re-

searchers have done in the field of tissue fusion, and the components of arteries and how 

this will affect the current study. 

1.1.1 Components of Tissue Seal 

This work focuses on sealing arteries as these are sealed frequently in surgical proce-

dures. A sealing device needs to apply both pressure and heat to both sides of the artery 

in order to form a seal. Important factors for artery sealing are the ratio of collagen to 

elastin in the artery, water content of the artery, apposition force, and temperature applied 

to the artery. First, the collagen-elastin ratio has a positive correlation with seal strength 

Arteries 

Organ 

Veins 
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[7]. Second, greater arterial water content resulted in greater seal strength [51]. Third, ap-

position force is necessary for artery sealing, but the seal does not hold at either very high 

or low apposition force [52]. Finally, temperature has a positive correlation with seal 

strength [53, 54].  

1.1.2 Literature Review of Tissue Sealing 

The Advanced Medical Technologies Laboratory (AMTL) in Boulder, CO has investi-

gated the causes of tissue sealing. They have investigated the already mentioned water ef-

fect in sealing [51]. Additionally, they were able to measure the temperature of a tissue 

sealing medical device [55]. In an additional study, the ATML group varied the applied 

temperature to the tissue from 120ºC – 170ºC and the time from 300 – 3000ms at a con-

stant temperature of 170ºC [54]. Similarly, Reyes, et al. varied temperature from 60 – 

90ºC and found that burst pressure correlated positively with temperature and apposition 

force [53].  Also, Cezo, from the AMTL group, showed that ex vivo burst pressure is 

greater than in vivo burst pressure [56]. Finally, the AMTL group studied how apposition 

force affects the mechanical strength of arteries [52]. 

1.2 Tissue Vasculature Overview 

Arteries are composed of three main components going from the innermost to the outer-

most: intima, media, and adventitia [57]. The intima, media, and adventitia are composed 

of cells such as endothelial and smooth muscle and an extracellular matrix (ECM) which 

contains important proteins such as collagen and elastin. Collagen and elastin provide 

most of the mechanical structure of an artery [58]. Carotid arteries, used in this study, are 

composed approximately of 22% collagen and 17% elastin within the media [59]. 

 Type I collagen is the most abundant protein in the human body and makes up ap-

proximately 30% of total protein mass [60]. Additionally, the adventitia contains the larg-

est amount of collagen [58]. Collagen and elastin content varies depending on artery 

movement. For example, abdominal arteries that move very little have large amounts of 

collagen whereas femoral arteries that have a large range of motion have large amounts 

of elastin [7]. Additionally, elastin is very prominent in arteries. The elastin content in ca-

rotid arteries changes depending on how close one is to the heart. Pearce and Thomsen 



 

6 

 

 

 

 

 

showed that elastin content is more dense in proximal than distal carotid arteries [61] 

shown in Figure 3.  

   

Figure 3: Histology of (A) proximal and (B) middle carotid arteries. Elastin is shown as 

black and collagen shows up as pink. Histology completed by Dr. Sharon Thomsen. The 

top of the picture is the intima of the artery. 

Thus, it is imperative to understand how these proteins respond to temperature and pres-

sure. This understanding will enable researchers to understand how different energy treat-

ments affect arteries. This work will focus on collagen. 

1.2.1 Collagen Response to Temperature 

Collagen responds to heating by denaturing. Denaturation refers to the change from a sol-

uble to insoluble state. A common example of protein denaturation is the thickening of 

egg whites due to heating [62, 63]. Collagen denaturation occurs around 60ºC whereas 

elastin denatures at higher temperatures in the range of 118 – 130ºC [64, 65]. In heat de-

naturation, Miles [66] used the method of differential scanning calorimetry to show that 

heat denaturation is irreversible with the model of rat tail tendon. Thus, once the protein 

has been denatured by heat, it is not possible to re-nature the protein. 

  

(A) (B) 
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1.2.2 Collagen Response to Osmotic Pressure 

By using dehydration methods of freeze/thaw [67] and cross-linking with glutaraldehyde, 

hexamethylene diisocyanate (HMDC), and malondialdehyde (MDA) [68], the protein sta-

bilizes which is indicated by the increased denaturation onset temperature. Osmotic pres-

sure [67] with mannitol solutions causes the onset denaturation temperature also to in-

crease. Work done here will show the stabilizing effect of mechanical pressure. 

1.3 Relationship between Collagen Denaturation and Tissue Fusion 

It is important to understand how collagen and elastin respond to temperature and pres-

sure as these proteins make up a significant portion of the vasculature. Temperature and 

pressure are the primary variables involved in affecting the tissue during a sealing event. 

Commercial sealing devices apply temperature well above the needed threshold to dena-

ture collagen. Many papers denote the observation that protein denaturation is involved 

when making a seal [3, 17, 53, 69, 70].  

1.4 Benefit of Below Work to Tissue Fusion Understanding 

The AMTL group in Boulder, CO run by Dr. Mark Rentschler investigated the amount of 

temperature, pressure and time it takes to form a sufficient seal. An understanding how 

pressure and temperature affect the denaturation of collagen is lacking. This work will 

seek to fill this gap. 

2. METHODS 

This section will cover two parts. First, the methods used in sealing and testing the 

strength of those arteries will be presented. Second, the methods used in testing rat tail 

tendon and carotid arteries with FTIR will be presented. 

2.1 ENSEAL Device 

The ENSEAL device from Ethicon (Cincinnati, OH) is a bipolar electrocautery device for 

sealing tissue [71]. It is described as a bipolar device as it uses two electrodes through 

which electric current is passed in a controlled manner. Figure 4 shows the device used 

by Ethicon. 
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Figure 4: Ethicon ENSEAL Device[72] 

When the product is activated, current flows between the upper and lower jaws of the de-

vice. The tissue acts as an electrical impedance and heats up through electrical resistance. 

Figure 5 shows a zoomed-in view of the ENSEAL jaws.  

 

Figure 5: Zoomed-in image of ENSEAL jaws[73] 

The heating component of the device takes place along the U-shaped portion of the jaws, 

and the tissue is cut by the “I-blade” which runs in the middle of the U-shaped electrode. 

Figure 6 shows the “I-blade” advancing through the ENSEAL device. 

U-shaped electrode 

on bottom jaw 
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Figure 6: View of “I-blade” technology[73] 

The electrode configuration is shown below in Figure 7. This offset electrode design is 

for the purpose of reducing thermal spread to adjacent vasculature. The ENSEAL device 

uses a generator to supply the electricity, and the temperature of the tissue is controlled 

through the Positive Temperature Control (PTC) component located in the upper jaw of 

the device in Figure 7. This PTC technology is designed to maintain the tissue tempera-

ture around 100ºC by reducing its electrical conductivity after exceeding 100ºC. This en-

ables the device to maintain a uniform temperature across the affected tissue [73].  

 

Figure 7: Electrode design of Ethicon ENSEAL which show the electrical current path-

ways [73] 
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The ENSEAL device works by closing the jaws of the device over the tissue. Once 

closed, the energy activation button needs to be pressed to activate the generator. De-

pressing the button also allows the I-blade to move. The generator audibly announces to 

the user that the device is in use after depressing the button, and it continues to beep 

through the duration of the treatment. It signals the completion of the treatment by giving 

a distinct tone. While holding the power button, the user needs to advance the I-blade to 

cut the tissue. The total process should take approximately ten seconds. 

2.2 Thermal Jig 

The ENSEAL device is able to control the power applied to the tissue, but the ENSEAL 

device is not able to very precisely control the applied pressure and temperature. In order 

to circumvent this issue, a thermal jig was constructed to mimic the design of the ENSEAL 

and to control pressure, temperature, and time. For structure, the Thermal Jig can be di-

vided into two main segments: electrical power and structural frame. 

2.2.1 Electrical Power: 

The Thermal Jig uses resistance heating to supply the energy for the tissue sealing process. 

The electrical components are described in Table 3 below. 

Table 3: Electrical Components for the Thermal Jig 

Description Distributor Part No. Quantity 

T-Type Thermocouple 0.076mm 

(0.003in.) diameter 

OMEGA 5TC-TT-T-40-36 Two thermocouples 

VT26 Fuzzy Enhanced Pid Control-

ler 

Accuthermo VT4826-T-R-N-N-A Two temperature 

controllers 

Kapton Standard Heater BIRK BK3500-28.8-L12-06 Two kapton heaters 

9.6”x10”x3.9” Aluminum Box Mouser 546-1402K One box 

AC Receptacle Digi-Key Q212-ND One receptacle 

Fan AC 60x30mm 115V Mouser OA60AP-11-1WB Two fans 

AC/DC CONVERTER 12V 25W Digi-Key 285-1884-ND One AC/DC Con-

verter 

SPST, Off-On; 15 Amps, Solder Lug McMaster 7343K711 One switch 

Panel-Mount Thermocouple Connec-

tion Strip, 

McMaster 3921K23 One panel mount 

with two connections 
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As explained in Table 3 above, the electrical components consist of two temperature con-

trollers (Part No.: VT4826TRNNA; Distributor: Accuthermo; Freemont, CA). Addition-

ally, two T-Type thermocouples (Model No.: 5TC-TT-T-40-36; Distributor: OMEGA; 

Distributor Location: Stamford, CT) were used in conjunction with the temperature con-

trollers to control the temperature. The Accuthermo controller limited the temperature 

setting to 160ºC. In order to heat the sample, two kapton heaters (Model No.: BK3500-

28.8-L12-06; Distributor: Birk Mfg. Distributor Location: East Lyme, CT); were used to 

heat through resistance heating. The housing for the electronics was a 9.6”x10”x3.9” 

Aluminum box (Part No.: 546-1402K; Distributor: Mouser; Mansfield, TX). AC power 

was routed through an AC receptacle (Part No.: Q212-ND; Distributor: Digi-Key; Thief 

River Falls, MN). The front view of the housing of the electrical components is show in 

Figure 8. 

 

Figure 8: Front View of Electrical Housing 

The temperature controller and the two cooling fans (Part No.: OA60AP-11-1WB; Dis-

tributer: Mouser, Mansfield, TX) were powered by 120 AC power while the LED indica-

tor (Part No.: 2779K5; Distributor: McMaster-Carr; Elmhurst, Il) and the two kapton 

heaters were powered through 12V DC power. The AC power was converted to DC 

power through a AC-DC power supply (Part No.: 285-1884-ND; Distributor: Digi-Key; 

Thermocouple 

Connections 
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Temperature 

Controllers 

Heater 

Wires 
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Thief River Falls, MN). The inside of the electrical housing is shown below in Figure 9 

which shows the internal wiring of the heater box. 

 

Figure 9: Internal Wiring of Electrical Heater Box 

2.2.2 Mechanical Component 

The mechanical components are summarized in Table 4 below. 

  

Cooling Fans 

Temperature  
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Table 4: Mechanical Components of the Thermal Jig 

Description Distributor Part No. Quantity 

PEEK – 0.5in. x 3in. x 12in.  McMaster 9089K128 One bar 

Aluminum – 0.5in. x 3in. x 

12in. 

McMaster 8975K513 One bar 

Steel Shafts – 0.25in Diame-

ter x 6in.  

McMaster 6061K11 Two shafts 

Rulon J Bushings – 0.25in. 

shaft Diameter x 0.5in. length 

McMaster 6377K12 Four bushings 

Set screws – 8-32 x 0.5in.  McMaster 92158A205 One pack of 25 

set screws 

Thermal Conductive Epoxy Mouser 517-TC-2810-

37ML 

One tube 

The mechanical portion has two plates, a top and bottom plate. These are made of Poly-

ether ether kertone (PEEK) (Model No.: 9089K128; Distributor: McMaster-Carr; Distrib-

utor Location: Elmhurst, Il). The bottom plate has two 8-32 x 0.5” set screws (Model 

No.: 94355A194; Distributor: McMaster-Carr; Distributor Location: Elmhurst, Il) which 

fixes two 0.25” x 6” 1566 steel shafts (Model No.: 6061K11; Distributor: McMaster-

Carr; Distributor Location: Elmhurst, Il) which keeps the top plate in line with the bottom 

plate so the two heater components line up with each other. The top plate has Rulon J 

bushings (Model No.: 6377K12; Distributor: McMaster-Carr; Distributor Location: 

Elmhurst, Il) to enable smooth sliding of the top plate. Both the bottom and top plate have 

0.25” protrusions of Peek on which the heater and aluminum (Model No.: 8975K513; 

Distributor: McMaster-Carr; Distributor Location: Elmhurst, Il) are placed and fixed with 

a 3M Thermally Conductive Adhesive (Model No.: TC-2810; Distributor: Mouser; Dis-

tributor Location: Mansfield, TX) below in Figure 10 
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Figure 10: (A) Front view of Thermal Jig top and bottom plates; (B) Side View of Ther-

mal Jig. Both views show the tan colored-PEEK baseplate with the black heater. Also, 

the grey is for the aluminum block with the black dots representing the embedded ther-

mocouples. 

Figure 11 below shows Top Plate of the Thermal Jig which contains the components de-

scribed above in Table 4. 

 

 

Figure 11: Top Plate of Thermal Jig with two views shown in Panel (A) and Panel (B)  

(A) (B) 

(A) 

(B) 
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Similarly, the bottom plate of the Thermal Jig is shown in Figure 12 with a nearly identi-

cal design with the exception of a flat aluminum surface as opposed to the top plate 

which has a 0.006in. milled step in its aluminum block.  

 

 

Figure 12: Bottom Plate of Thermal Jig with rotated views shown in Panels (A) and (B) 

Connecting the steel shafts to the bottom plate and placing the top plate on the steel 

guides, Figure 13 shows the setup of the Thermal Jig with both the Mechanical and Elec-

trical Components. 

(A) 

(B) 
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Figure 13: Thermal Jig Setup 

The device had a gap of 0.006in. to mimic the gap in the ENSEAL device. This gap, 

however, made it difficult to determine the pressure applied to the tissue. Applied loads 

of 20lb and 50lb were used in the sealing process. With the .006 in. milled step in the top 

plate, the pressure was not well known. Pressure was determined in terms of minimum 

and maximum pressure from the loads that were used. See APPENDIX A for details on 

pressure calculations from load. 

2.2.3 Sealing Procedure with Thermal Jig 

The sealing procedure is governed by application of known pressure and temperature. In-

itially, the heaters were set from 0 – 20ºC  above the set temperature. For example, the 

heaters were initially set to 150ºC in order to maintain a temperature at 140ºC. The artery 

was laid across the bottom heater once the target temperature was reached. Figure 14 

shows a schematic of an artery placed within the Thermal Jig. 
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Figure 14: Artery placed in Thermal Jig before sealing. Panel (A) shows the Front View 

of the Thermal Jig. Panel (B) shows the side view of the Thermal Jig.  

The thermal treatment of the arteries was 30 seconds. After this time, the top plate of the 

Thermal Jig was removed, and the sealed artery was extracted and placed into a 5mL vial 

filled with a saline solution and placed into a 4ºC fridge until the arteries were tested for 

burst and peel. The sealed artery was noticeably damaged at the spot of thermal treat-

ment. Figure 15 shows this damage. 

   

Figure 15: Panel (A) shows the artery during Thermal Jig sealing process. Panel (B) is a 

sealed artery that is irreversibly damaged.  

(A) (B) 

(A) (B) 
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An additional thermocouple was used in the Thermal Jig for sealing measurements ini-

tially (APPENDIX B). The final measurements did not use this extra thermocouple as it 

was likely to break. 

2.2.4 Tissue Preparation for Sealing 

On a given week, were harvested on Monday, and they arrived at UMN on ice by 

Wednesday afternoon. The middle of the common carotid arteries were chosen as they 

have a relatively constant diameter. These were transferred from saline-filled 2mm x 

3mm plastic bags to 15mL marked conical tubes with approximately 5mL of saline in 

each. Sealing and burst testing were performed on Thursday. Majority of testing was per-

formed with a different method of tissue preparation as explained in APPENDIX C.  

2.3 Seal evaluation 

For evaluating the strength of the seal, two methods burst and peel test were used The 

burst test is a very common way to determine the strength of sealed vessels and the peel 

test was performed to see if it provided any insight into the strength of the seal. A com-

mon minimum burst pressure threshold is 360mm Hg as it is approximately three times 

that of normal physiological burst pressure [21]. 

2.3.1 Burst device 

The burst device provided by Ethicon was used to determine the burst strength of the ar-

tery. The burst pressure is recorded in millimeters of mercury (mm Hg) so as to corre-

spond to a person's systolic blood pressure (~120mm Hg). After the application of treat-

ment with the ENSEAL or the Thermal Jig, the sealed artery was cut into two pieces at 

the middle of the seal margin. Figure 16 below shows what happened to the arteries after 

being sealed by the Thermal Jig. 
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Figure 16: Artery process after sealing with Thermal Jig 

One of the sealed artery halves were then placed in the burst system, shown in Figure 17, 

which was comprised of a syringe pump system (Harvard Apparatus PHD Ultra) and a 

housing for the artery bursting which consisted of a spring-loaded iris head (Edmund, 

Barrington, NJ, Model No. Model 53-910) with an orifice. The iris head clamped the un-

sealed portion of the artery against the orifice. 

   

Figure 17: Iris Head Setup. Panel (A) shows the front view of the iris head which con-

stricted the artery during the burst test. Panel (B) shows the side view of the iris head 

which shows the orifice on the iris head through which the water flows. 

A block diagram of the burst system is shown below in Figure 18 where the iris head is a 

part of the “Burst Container” block. 

Artery cut in two 

One half for Burst One half for Peel 

Water flows from 

pump to orifice to 

burst artery Iris Head to Constrict Artery 

During Burst Test 

(A) (B) 
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Figure 18: Burst Pressure System 

A prepared saline solution was pumped at a rate of 47mL/min through an iris head that 

filled the artery until it burst. A pressure transducer (OMEGA, Stamford, CT, Model No: 

PX303-05065V) was connected in this process to record the pressure in real time as dis-

played by the LabView software which utilized a data acquisition module (National In-

struments, Austin, TX, Model No: USB-6008) to record the data. The maximum pressure 

was recorded as the burst pressure. 

2.3.2 Peel device 

The peel device was another method of tracking the mechanical strength of the artery 

burst seal as the burst pressure test is the “gold standard” in determining the effectiveness 

of seal treatment. A little more preparation was required for the peel test as the sides of 

the arteries were removed to fold the artery in a way that one could pull the artery apart 

with only the seal holding the artery together. The unfolded artery prepared for sealing 

looked like the following in Figure 19.  
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Figure 19: Artery Prepared for Peel Test. Panel (A) shows the side view and top view of 

the unprepared artery for the peel test. Panel (B) shows the process of cutting the artery 

so that the seal will bear the load when it is pulled apart. 

A uniaxial tester (TestResources; Shakopee, MN) as shown below in Figure 20 was used 

to record the force necessary to pull apart the artery. 
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Figure 20: Panel (A) shows the overview of the peel device which uses a uniaxial tensile 

tester on its side. Panel (B) shows a zoomed-in view of the jaws that held the artery pre-

pared for the peel test.  

A uniaxial device pulled the artery apart at a rate of 2mm/s in a saline bath. The artery 

was speckled with graphite to have a better means of visually tracking the artery. Videos 

were taken of each run. Also, the uniaxial tester recorded details of the run which in-

cluded the elapsed time, force in Newtons, and distance stretched. Figure 21 shows how 

the arteries were pulled apart. 

 

 

Figure 21: Peel Test Schematic. Panel (A) shows the Front View. Panel (B) shows the 

Top View. 

The peel test was processed by taking the initial failure (i.e., the place with the initial re-

duction in force) and dividing it by the seal width. The initial failure was taken as it was 

Artery Seal 

(B) 

(A) 

(B) 



 

23 

 

 

 

 

 

thought that the seal would be compromised at this point. An example of the initial fail-

ure is seen below in Figure 22. The seal width was calculated by taking pictures of the ar-

teries with a scale bar and measuring the width with ImageJ software. These results were 

used to see how they compared with the burst pressure values since one side of the artery 

was tested with burst and the other side was tested with peel to see if peel strength was 

associated with burst pressure. Both of the artery sides were assumed to have similar me-

chanical strength properties. 

 

Figure 22: Depiction of initial failure calculation in peel test. 
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2.4 Fourier-Transform Infrared (FTIR)  

Fourier-Transform infrared (FTIR) spectroscopy is a means of examining chemical 

changes in a sample. The infrared ng the absorbance of light from an infrared source to 

determine what components are in a particular sample.  

2.4.1 Working Principles 

The FTIR uses an infrared light source which is passed through a Michelson interferome-

ter. The interferometer uses constructive and deconstructive interference to convert the 

single frequency signal into frequencies ranging from 4000 to 600 cm-1 (wavenumbers). 

The FTIR from the Characterization Facility at the University of Minnesota was used. It 

is a Nicolet iS50 FT-IR Spectrometer (Thermo Scientific), and it has a spectral range 

from 4000 – 600 cm-1. It utilizes Windows-based OMNIC software for data analysis. It 

has a Potassium-Bromide (KBR) beamsplitter, and a liquid nitrogen cooled Mercury Cad-

mium Telluride/A (MCT)/A detector. 

 

Figure 23: Nicolet iS50 FT-IR 
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2.4.2 Attenuated Total Reflectance (ATR) vs. Transmission Mode 

Various ways of performing FTIR are available which include transmission and ATR 

mode. In transmission mode, infrared radiation, “I0”, is emitted and passes through the 

sample which attenuates to “I”. In ATR mode, infrared light, I0, is totally reflected at the 

interface between the crystal and the sample, but some radiation penetrates into the sam-

ple. This penetration is called an evanescent wave. The depth of penetration is deter-

mined by the indices of refraction of the crystal and the sample. See Figure 24 for a 

deptiction of transmission and ATR modes. The equation for the penetration depth is the 

following: 

 𝑑𝑝 =
𝜆𝑐

{2𝜋[𝑠𝑖𝑛2𝜃−(𝜂𝑠 𝜂𝑐⁄ )2]}1/2 (1) 

where c is the wavelength in the crystal (/c),  is the angle of incidence, and s and c 

are the refractive indices for the sample and crystal, respectively. Transmission mode 

works well for gas and liquid sample, but it does not work as well for solid samples as the 

infrared light may be too scattered for an accurate measurement. For solid samples, ATR 

may prove useful as the infrared radiation only penetrates into a thin layer of the sample. 

ATR also may be used for liquids, powders, pastes, and others that can be pressed up to 

the surface of the crystal [74]. 

   

Figure 24: Panel (A) shows how transmission mode works as infrared radiation passes 

through the sample. Panel (B) shows how ATR mode uses internal reflectance to transmit 

an evanescent wave to be absorbed into the surface of the sample. 
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2.4.3 ATR Accessory: Temperature and Pressure Control 

Additionally, the ATR accessory MVP-Pro (Harrick Scientific) with a diamond crystal 

was used to provide controlled temperature and pressure surface measurements of artery 

samples. The MVP-Pro is a single reflection with a 45º angle of incidence instrument. It 

is shown below in Figure 25.  

 

Figure 25: Panel (A) shows the MVP-Pro Schematic (taken from MVP-Pro User Man-

ual). 

Figure 26 shows the MVP-Pro in the Nicolet iS50. 

(B) 
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Figure 26: MVP-Pro setup inside Nicolet iS50 

The layout of the sampling plate of the ATR accessory has the heaters below the diamond 

crystal. Also, the crystal is between the heater thermocouple and the sample. This layout 

is seen in Figure 27 below. 

 

Figure 27: Zoomed-in View of ATR Sampling Plate 

Characterization experiments were completed to investigate the thermal lag between the 

heater thermocouple and the sample placed on top of the crystal. 

2.4.4 Sample Preparation 

Both rat tail tendon and carotid artery were used in testing. Testing was done within three 

days of harvest. See APPENDIX D for details on how denaturation onset was affected 
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when testing was done on samples that were older than three days from harvest. For both 

samples, deuterium oxide (D2O) (soaked for one hour based on reference to complete to-

tal deuteration[75] with 0.9% w/v NaCl was used for the purpose of looking at the Am-

ide-I region. Normally, water (H2O) conflicts with the Amide-I as the H2O scissoring vi-

brational mode occurs in the same area [75, 76]. 

 Carotid artery samples were taken from the Visible Heart Lab under the supervi-

sion of Dr. Paul Iaizzo. Additionally, carotid artery samples were also received from Eth-

icon. Arteries received from the Visible Heart Lab were fresh from harvest, but the arter-

ies from Ethicon were received two days after harvest. Also, Ethicon cleaned and pro-

cessed arteries while arteries from the Visible Heart Lab were not processed at all. Fur-

thermore, no distinction to the location (i.e., distal or proximal) of the carotid artery was 

made for either of the sources. 

2.4.5 Heating Rate (Denaturation) Measurements 

The protocol for measuring denaturation of tissue was to prepare the samples as dis-

cussed above in Section 2.4.4. Once prepared, a sample was placed on top of the diamond 

crystal. Next, a Teflon-coated insulating cap that came with the ATR MVP-Pro was used 

to insulate the metal pressure head from the heated sampling plate. Silicon grease (Dow 

Corning; Midland, MI) was used to coat the area between the sampling plate and the in-

sulating cap to avoid dehydration. Figure 28 shows how ATR measurements were setup. 

  

Figure 28: ATR Setup with Denaturation Measurements 
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The temperature range of the experiment was from 25 – 100ºC. Spectra were taken every 

1ºC heater temperature change. 16 co-added scans at resolution of 4cm-1 were used when 

acquiring spectra. The time to collect a single spectrum was ten seconds. These data were 

saved in a .spa format which came from operating the OMNIC software, and the data was 

analyzed in MATLAB by converting the .spa files to .csv with the OMNIC software.  

2.4.5.1 Extracting Denaturation 

Denaturation is determined as the sharp increase in beta-sheets (a characterisitic band in 

the Amide I region of the FTIR spectra) with a simultaneous decrease of alpha-helices 

[67, 76, 77].. See APPENDIX E for a step-by-step description of determining the onset of 

denaturation. Also, APPENDIX F shows how to run the MATLAB code for calculating 

-sheet formation. 

2.4.5.2 Point Measurements 

Measurements were taken with the sample at room temperature after Thermal Jig treat-

ments. Carotid arteries soaked in D2O solution with 0.9% NaCl and then treated with the 

Thermal Jig according to the following parameters in Table 5. The peak location of Am-

ide-I was determined by finding the maximum value in the range between 1600 – 1700 

cm-1. 

Table 5: Thermal Jig Parameters for Point Measurements 

100ºC 

20lb 

100ºC 

50lb 

140ºC 

20lb 

140ºC 

50lb 

These point measurements were used to compare with sealing measurements made with 

the Thermal Jig to see if any spectroscopic difference could be seen from the different 

treatments and if the peak locations of the Amide I correlated with protein denaturation 

(Wim Wolkers – personal communication). 
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2.4.6 ATR Characterization  

The performance of the MVP-Pro was characterized to see how the machine responded 

with respect to its temperature and pressure control. The main focus of the characteriza-

tion was the temperature response of the heating rate and the thermal lag observed while 

taking measurements. Secondarily, the force gage was studied to see how it was affected 

by increasing temperature. 

2.4.6.1 Heating Rate 

The heating rate was characterized by using the setup described in Section 2.4.5 but with 

an added thermocouple to measure the sample temperature. A temperature lag between 

the heater thermocouple and the sample thermocouple will develop especially since the 

heating is done at a constant ramp rate. This can also be seen from the layout of the sam-

pling plate which is shown in Figure 29.  

 

Figure 29: Description of ATR Characterization Setup 

See APPENDIX G for a description of the all of the results of the characterization. See 

APPENDIX H for a description of how denaturation onset was affected by using the 

sample thermocouple. 

2.4.6.2 Force Gage 

The force gage was tested to see if it was reporting correct results by testing the load with 

a calibrated spring. See APPENDIX G for more details.  
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3 RESULTS 

The results can be divided into two parts: FTIR and Tissue Sealing. FTIR measurements 

include both denaturation measurements and point measurements after Thermal Jig treat-

ment. For tissue sealing, the initial measurements are included in addition to the final 

measurements made. 

3.1 FTIR 

For FTIR measurements, both heating rate measurements in order to calculate the onset 

of denaturation and room temperature point measurements were taken. Both will be de-

scribed in the sections below. 

3.1.1 Denaturation Measurements 

Data is shown below from the following three methods: temperature only, pressure only, 

and both temperature and pressure. 

3.1.1.1 Temperature Only 

Heating rate measurements started with the model of Rat Tail Tendon since it is a well 

characterized system for collagen denaturation. Figure 30 shows my measurement of de-

naturation onset compared with that in the literature. 

 

Figure 30: FTIR Rat Tail Tendon with denaturation onset of 58 ± 2.5ºC (results come 

from using the tangent line method described in APPENDIX I) at heating rate of 

1.91ºC/min. Also Miles [66] Rat Tail Tendon with DSC at 2ºC/min with onset of ~58ºC 

using tangent line method on graph presumed to be used in [67, 75]. 
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The above plot shows the experimental data with an onset of 58 ± 2.5ºC that overlaps 

with the calculated onset from Miles which has an onset of ~58ºC. This overlap of onset 

values validates later denaturation measurements. See APPENDIX I for a discussion on 

processing FTIR and DSC data in order to determine denaturation onset. Additionally, 

the denaturation onset of carotid artery was compared with previously published iliofem-

oral artery to see if comparable data could be gathered. Figure 31 shows the results. 

 

  

Figure 31: (A) Experimental carotid artery measurements with denaturation onset of 59.8 

± 0.7ºC. (B) Published control iliofemoral artery by Venkatasubramanian [67] with dena-

turation onset of 57.0 ± 3.0ºC 
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3.1.1.2 Pressure Only 

Pressure only measurements were taken with carotid arteries with no heating but with ap-

plied loads of 0N, 10N, 20N, and 50N. This is shown below in Figure 32. 

 

Figure 32: Pressure only measurements at various loading conditions 

This loading essentially no beta-sheet formation with 0N load. The 50N load is next high-

est followed by 10N and 20N. In each of the loading cases of 10N, 20N, and 50N, the 

beta-sheet area increases with time until the experiment ends at 40min, this is the same 

time for a heating rate measurement. See APPENDIX J to see how pressure affects the 

inverted second derivative graphs.  

3.1.1.3 Temperature and Pressure 

Pressure and Temperature effects were seen with both rat tail tendon and carotid artery. 

For rat tail tendon, only load of 2N was used. For carotid artery, loads of 2N, 10N, 20N, 

and 50N were used. Figure 33 below shows results for both rat tail tendon and carotid ar-

tery under load. 
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Figure 33: (A) Carotid artery measurements with loads of 0N and 2N which seem to 

show complete protein denaturation by 100ºC. (B) Carotid artery measurements with 

loads of 10N, 20N, and 50N which do not show complete protein denaturation. Samples 

need to be heated more to see if complete profile is observable. (C)Rat tail tendon meas-

urements with loads of 0N and 2N. Error bars are removed from the plot in order to see 

the data more clearly. The error is approximately 15% of the maximum value.  

With the rat tail tendon, the 0N load has a denaturation onset of 58.0 ± 2.5ºC, and the 2N 

load has an onset of 60.1 ± 4.9ºC. For the carotid artery, the denaturation onset for loads 

of 0N, 2N, and 10N are 59.8 ± 0.7ºC, 59.8 ± 1.9ºC, and 79.1 ± 4.3ºC, respectively. These 

loads were applied by the force applicator on the MVP-Pro with a diameter of 4.5mm. 

One simply divides the applied force by the circular area of the force applicator in order 

to calculate the applied stress. One may need to heat in excess of 150ºC in order to ob-

serve the full denaturation profile at loads of 10N, 20N, and 50N.  

3.1.2 Point Measurements – Amide I peak shift 

Point measurements were taken before and after applying thermal jig treatments to ca-

rotid arteries. These arteries were soaked in D2O before any measurements were taken. 

Figure 34 shows an overview of the spectra taken for the point measurements. 
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Figure 34: FTIR Overview of Point Measurements. Panel (A) shows a representative ex-

ample of FTIR spectra for reach of the point measurement treatments. Panel (B) shows a 

zoomed-in view of the Amide I (1600 – 1700cm-1). 

Figure 35 shows how the Amide-I peak position changes with increasing temperature.  
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Figure 35: Amide-I peak position vs Thermal Jig treatments with a sample size of n = 60 

for “Control” and a sample size of n = 10 for all of the remaining treatments. 

Figure 35 shows that the Amide-I peak position shifts to a lower wavenumber as the tem-

perature and pressure increases with Thermal Jig treatments. This lower wavenumber at a 

higher temperature corresponds to denaturation as the Amide-I peak has -sheets cen-

tered at 1630cm-1 and -helices centered at 1652cm-1 [78]. The shift of the Amide-I peak 

position indicates more denaturation which would correlate with a better seal. More de-

tails on point measurements can be found in APPENDIX K. 

3.1.3 Point Measurements – Tissue Weight Data 

The arteries that were used for the point measurements were blotted with tissues until no 

more water was easily removed. Next, the arteries were treated with the Thermal Jig ac-

cording to the following settings: 100ºC;30s, 100ºC;20lb;30s, 100ºC;50lb;30s, 140ºC;30s, 

140ºC;20lb;30s, and 140ºC;50lb;30s. Also, an oven was used to completely dry the tissue 

out to determine the water content. The amount of weight removed was calculated as fol-

lows: 

 𝐵𝑙𝑜𝑡𝑡𝑖𝑛𝑔 =  
𝑚𝑤𝑒𝑡−𝑚𝑏𝑙𝑜𝑡𝑡𝑖𝑛𝑔

𝑚𝑤𝑒𝑡
  (1) 

 𝑆𝑒𝑎𝑙𝑖𝑛𝑔 =  
𝑚𝑏𝑙𝑜𝑡𝑡𝑖𝑛𝑔−𝑚𝑠𝑒𝑎𝑙𝑖𝑛𝑔

𝑚𝑤𝑒𝑡
 (2) 

 𝐷𝑟𝑦𝑖𝑛𝑔 =  
𝑚𝑤𝑒𝑡−𝑚𝑑𝑟𝑦

𝑚𝑤𝑒𝑡
 (3) 
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where mwet is the weight of the tissue when wet, mblotting is the weight of the tissue after 

blotting the artery with a tissue paper, msealing is the weight of the tissue after applying the 

sealing treatment, and mdry is the weight of the artery after being in the oven for approxi-

mately 48 hours at 60ºC. Figure 36 shows a summary of these measurements. 

 

Figure 36: Tissue Weight data from blotting, sealing, and drying 

With the above measurements, one must keep in mind that the treatment was only applied 

to artery rings that fit within the Thermal Jig jaws. Thus, the weight removed due to seal-

ing in the above test may be overestimated to normal tissue sealing of the Thermal Jig 

since the artery is smaller in the above test than what it normally is during a sealing pro-

cedure.  

3.2 Tissue Sealing 

Tissue sealing was performed with both the Thermal Jig and Ethicon’s ENSEAL device. 

The Thermal Jig was used exclusively at UMN whereas the ENSEAL was used by both 

Ethicon and UMN as Ethicon sent a generator and several ENSEAL devices to UMN for 

use. This section will describe initial artery measurements by Ethicon with the ENSEAL 

device. Next, sealing performed by the Thermal Jig will be presented. 
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3.2.1 Final Measurements from Thermal Jig compared with ENSEAL 

Sealed arteries from Ethicon using their ENSEAL device were sent to UMN to be burst 

and peel tested in order to determine the strength of the vessels. The representative burst 

results are shown below in Figure 37. This testing was completed to see if the margin on 

the artery had any effect on the expected burst pressure. Regardless, the burst pressure 

achieved with the margin testing had a mean burst pressure of 876.7 ± 338.2 mm Hg. 

Ethicon described an acceptable seal as an artery which had a burst pressure threshold be-

tween 600 – 800 mm Hg. Figure 37 shows a box plot graph of the results achieved by the 

Thermal Jig.  

 

Figure 37: Thermal Jig Burst Pressure results at different treatments where the ENSEAL 

data came sealed from Ethicon, and Nathan Cal cut the tissue and performed burst tests 

Thirty (n = 30) samples were sealed for each of the four Thermal Jig treatments. The 

graph only shows arteries that had successful burst pressure runs. A “successful” run was 

defined as the artery recording a burst pressure greater than 100 mmHg. thirteen (n = 13) 

samples failed immediately at the 100ºC and 20lb treatment. Only five (n = 5) samples 
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failed immediately increasing the weight from 20lb to 50lb and keeping the temperature 

constant. Two (n = 2) samples were removed at the treatment of 140ºC and 20lb because 

they did not conform to normality. Thus, these two data points at burst pressures of 

1651.1 and 1719.5 mm Hg were removed. Finally, three (n = 3) samples that failed im-

mediately at the treatment of 140ºC and 50lb. The average burst pressure and standard 

deviation of the 100ºC-20lb, 100ºC-50lb; 140ºC-20lb, and 140ºC-50lb were 188.4 ± 55.3 

mm Hg, 439 ± 232.6 mm Hg, 647.3 ± 241.3 mm Hg, and 678.1 ± 153.7 mm Hg, respec-

tively. 

3.2.2 Visualization of sealed tissue 

Unsealed carotid arteries look like the following in Figure 38.  

 

Figure 38: Unsealed carotid artery as received from Ethicon 

Figure 39 shows a representative sealed artery at each of the Thermal Jig treatments of 

100ºC-20lb, 100ºC-50lb, 140ºC-20lb, and 140ºC-50lb. 

   

(A) (B) 
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Figure 39: Arteries sealed at (A) 100ºC;80psi;30s, (B) 100ºC;330psi;30s, (C) 

140ºC;80psi;30s, and (D) 140ºC;330psi;30s. These arteries show the variation in Ethi-

con’s cleaning of the arteries.  

Figure 39 shows how the 100ºC;80psi;30s treatment does not fully push away the intima. 

The intima is clearly pushed away in subsequent pictures of (B), (C), and (D), and a 

translucent seal margin is visible. This seal margin is quite wide in (C) and (D) with treat-

ments at a temperature of 140ºC. 

3.3 Summary 

This section is a summary of the main results which includes the denaturation of collagen 

and the mechanical strength of the artery as pressure and temperature are varied.  

3.3.1 Temperature denatures collagen at roughly 60°C by DSC or FTIR 

Collagen has been shown in this study with models of carotid artery and rat tail tendon to 

denature with the aid of both FTIR and DSC. Experimental data of carotid artery and rat 

tail tendon is compared with published rat tail tendon by DSC. 

3.3.2 Sealing was found to correlate strongly with both T and P 

In Figure 37, the burst pressures are shown from sealing with the Thermal Jig. The burst 

pressure is significantly higher 50lb (330psi) compared with 20lb (80psi) at the same 

temperature of 100ºC. Also, the burst pressure is significantly higher when increasing the 

temperature from 100ºC to 140ºC at both loads of 20lb (80psi) and 50lb (330psi) . No 

significant difference was observed between the two load values of 20lb (80psi) and 50lb 

(330psi) at a constant temperature of 140ºC. 

  

(C) (D) 
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4 DISCUSSION 

The discussion will cover the following topics: the effect of pressure and temperature on 

denaturation, water loss and its relationship to tissue sealing, and the effect of pressure 

and temperature on artery burst strength. 

4.1 Effect of Temperature and Pressure on Denaturation 

Heat denaturation occurs around 60ºC for both rat tail tendon and carotid artery. The de-

naturation of the carotid artery was delayed through increasing load. The denaturation ex-

periment is unable to detect an onset for loads greater than 10N (90psi). The denaturation 

profile at loads of 10N, 20N, and 50N are incomplete. The samples at these temperatures 

need to be heated in excess of 150ºC to observe the complete protein denaturation profile. 

Thus, when one increases the pressure (through mechanical or osmotic means), the dena-

turation onset temperature is delayed. Pressure causes the delay in denaturation onset by 

forcing water out of the tissue. Miles hypothesized that dehydrating a tissue displaces the 

water that is held between collagen molecules. The loss of water in dehydration causes 

the shape of the collagen fiber to shrink which reduces the number of possible configura-

tions it can be in which reduces the configurational entropy. This reduction in entropy, 

argued by Miles, is said to increase the temperature of denaturation [79] by increasing the 

proteins stability. 

4.2 Water loss 

Water loss occurs in arterial sealing with either the Thermal Jig or the ENSEAL device. 

Water loss was recorded for artery sealing measurements with the Thermal Jig, and the 

results showed that more water was lost at higher temperatures of 140ºC versus 100ºC. 

Burst pressure correlates positively with water loss and temperature.  

Tissue sealing may be compared to the making of collagen glue. Glue has several steps 

which include: preparing stock or raw material, cooking stock with hot water, and 

chilling the glue liquor [80]. In the cooking step, the water is heated to 70 to 90ºC for 2 to 

6 hours. This temperature does not reach the sealing temperatures of 140ºC, but the time 

for preparing collagen glue is much longer than artery sealing (~10 seconds) so water is 

removed faster in artery sealing than in making collagen glue. Also, the cooked glue is 

dried, and it is then stored at constant humidity and temperature so it does not soften or 
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crack. Both temperature and water loss are important factors that contribute to the 

strength of the glue. 

4.3 Temperature and Pressure Effect on Seal Strength and Visualization 

Figure 37 showed that burst pressure of the arteries increased dramatically with the tem-

perature was increased from 100ºC to 140ºC. One hypothesis of this is that the arteries 

were more fully denatured at the higher temperatures. This can be seen from Figure 39 as 

the “sealed” portion of arteries sealed at 140ºC were more consistently translucent. From 

100C and 20lb to 100C and 50lb showed a significant increase. This may be caused by 

the additional force caused the jaws of the thermal jig to be closed more quickly. Addi-

tionally, no significant difference is shown at the higher temperature of 140ºC at the two 

force values. Since the temperature is much higher, the tissue collapses more to the tem-

perature (boiling, evaporation) than to the mechanical pressure.  

5 CONCLUSION 

5.1 Impact of Temperature and Pressure on Tissue 

Heat, pressure, and time are important parameters when designing a high-energy medical 

device, specifically a tissue sealing device.  

5.2 Denaturation Requirements 

With no pressure, one only needs temperature greater than 60ºC to cause the onset of de-

naturation. With added pressure, the rate at which denaturation occurs seems to drop off. 

With increased pressure of 90 psi, the denaturation onset is significantly delayed. At 180 

psi, the denaturation onset is not clearly defined, and it seems that denaturation does not 

occur at temperatures beneath 100ºC.  

5.3 Seal Requirements 

In order to seal reliably, it was shown through the experiments that temperature greater 

than 100ºC is needed. This was shown since the burst pressure at 100ºC did not meet the 

necessary burst pressure threshold of 600 – 800 mm Hg. In contrast to the poor sealing of 

the tissue at 100ºC, the tissues sealed at 140ºC provided a reliable seal with a median 

burst pressure in the acceptable range of 600 – 800 mm Hg. This increase of 40ºC in ad-
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dition to the pressure is necessary to cause an artery to be sufficiently sealed. The pres-

sure although necessary to force the tissue together is unclear how much it helps after a 

certain amount. 

5.4 Future Work 

Limitations of this work are related to both the tissue sealing and protein denaturation 

work. For tissue fusion, not much tissue was sealed with the UMN Thermal Jig after the 

extra cleaning process was determined and stopped. Thus, it would be interesting to fuse 

more tissue with the Thermal Jig at various time increments and various temperature 

thresholds. The time for sealing was held at a constant of 30 seconds. Proposed values for 

future tissue sealing would be from 5 – 30sec as commercial sealing devices operate 

closer to 10 seconds. Proposed temperature values for tissue sealing would be between 

100 and 140ºC.  

For tissue denaturation, it would be interesting to run the heating experiment in excess of 

140ºC since that is where the Thermal Jig produced the best seals and to see if complete 

protein denaturation profiles can be achieved. The protein denaturation profiles were not 

complete at loads of 10N, 20N, and 50N. Finally, it may be interesting to test the reversi-

bility of protein denaturation with and without pressure as it may give some insight to the 

use of pressure in sealing tissue.  
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APPENDIX A: Determination of Pressure Based on Load from Thermal Jig 

Background: The thermal jig was built in order to control temperature and pressure ap-

plied to arteries.  

Purpose: This appendix will clarify what pressure resulted from the load placed on the 

thermal jig to seal arteries. 

Content: An artery was placed between the top and bottom plates of the thermal jig for a 

tissue sealing experiment. The weight was then placed on top of the top plate to squeeze 

the arteries together. The minimum and maximum pressures were estimated in the fol-

lowing way.  

Minimum Pressure: The minimum pressure would correspond to the smallest load over 

the largest artery area. The lowest load used was 20lb. The largest area for the artery was 

estimated to be the 1.0 in wide plate. This would happen if the load was distributed 

equally across the length of the jaws. See highlighted area in Appendix Figure 1.  

 

Appendix Figure 1: Highlighted region shows largest area interaction with artery 

The area highlighted in the above figure may be on the high side as a typical seal width 

was ~8mm which is much smaller than 1.0in (25mm). Also, it would be highly unlikely 

for the load to be equally distributed along the whole jaws.  
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Maximum Pressure: The maximum pressure was determined by using the largest load 

(50lb) and dividing by a smaller artery area. This area is that corresponding to the .006 in 

milled step. It has a .6 in length. See Appendix Figure 2 below. 

 

Appendix Figure 2: Area that artery bears under maximum pressure 

This maximum pressure may be a little on the low side since a sealed artery may have a 

seal width of ~8mm and probably will not fill up the entire .6 in (15mm) milled step 

length. 

Conclusion: This appendix was to show how pressure was calculated from the thermal 

jig design. The calculated pressures may be a little on the low side. 
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APPENDIX B: Timeline of Burst Measurements 

Background: Ethicon provided the arteries for testing. Testing was done to determine 

the best temperature and pressure for sealing arteries.  

Timeline: Initial Testing was done in the Fall of 2014 which proved the viability of per-

forming controlled temperature and pressure sealing of arteries. During the Spring of 

2015, more testing was completed in order to understand how the burst pressure was cor-

related with changing temperature and pressure. 

1. Thermal Jig Proof of Concept (Fall 2014): 

During Fall 2014, temperature measurements made corresponded to the highlighted 

boxes in Appendix Table 1. 

Appendix Table 1: Fall 2014 Sealing Parameters 

120ºC 

20lb 

120ºC 

35lb 

120ºC 

50lb 

140ºC 

20lb 

140ºC 

35lb 

140ºC 

50lb 

1.1 Initial Results: OCT 3 – 4 , 2014 

Goal: The goal is to seal five (n = 5) samples at two different parameters. These samples 

will be given to Nathan for further testing.  

Protocol: First the heaters were preheated to 120ºC. Next, tissue was placed on the heater. 

Next, the weight was placed on the thermal jig. Next, the timer was started. Once the 

timer had reached 30s or 120s for the run, the timer was stopped.  

Sealing Summary: Sample temperature only reached 100 – 115ºC at the end of a given 

run. Because of reaching a low temperature of 100ºC initially, the heaters were increased 

to 125ºC and 134ºC, respectively. See Joel’s Lab Notebook I pages 49 – 51.  

Burst Summary: Sealing was performed by Nathan Cal. Only results from time interval 

120s were recorded as none of the vessels treated at 30s were sealed. More information 

can be found in Nathan’s Lab Notebook on page 52. See Appendix Figure 3 below for re-

view of data at 120ºC and 50lb.  
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Appendix Figure 3: Summary of Burst measurements at 120ºC; 50lb 

2 Thermal Jig Sealing Measurements (Spring 2015) 

After the measurements in Fall 2014, Ethicon agreed to do more testing by varying the 

temperature and pressure of the Thermal Jig. The time interval was held essentially con-

stant at 30s. This is longer than a conventional energy-based sealing device, but it was a 

time interval at which a seal would be confidently made. During the Spring of 2015, the 

measurements made corresponds to the highlighted boxes in Appendix Table 2. 

Appendix Table 2: Measurements Made in Spring 2015 

80ºC 

20lb 

80ºC 

35lb 

80ºC 

50lb 

100ºC 

20lb 

100ºC 

35lb 

100ºC 

50lb 

120ºC 

20lb 

120ºC 

35lb 

120ºC 

50lb 

140ºC 

20lb 

140ºC 

35lb 

140ºC 

50lb 

160ºCset 

20lb 

160ºCset 

35lb 

160ºCset 

50lb 
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2.1 Intial Testing: JAN - APR 1 – 3, 2015 – ENSEAL and Thermal Jig 

Testing from January to April yielded the following results in Appendix Figure 4. 

 

Appendix Figure 4: Initial Burst Results from January to April of 2015 

The above burst results were below the expected values of burst pressure and did not 

reach the acceptable burst values between 600 – 800 mm Hg. Investigation was done to 

determine the cause of the low burst pressure with both the Thermal Jig and ENSEAL at 

UMN. 

Ethicon did testing by varying the time from harvest, and changing how they prepare tis-

sue. The results are shown below in Appendix Figure 5. 

 

Appendix Figure 5: Ethicon testing results by varying sealing time and tissue prepara-

tion. The average burst pressure decreases with time from harvest. Additionally, the burst 

pressure decreases within Day-3 groups when the tissues were cleaned as seen in group 

“Day-3 Saline+Cleaned”. The drop in burst pressure may be affected by the cleaning pro-

cedure done by UMN. 

Conclusions: 

The burst pressure at 140ºC and 35lbs still had means around 300mm Hg. The ENSEAL 

device sealed faster by blotting the tissue, and the mode seal time of 10s is close to histor-

ical ENSEAL sealing times which is approximately 8s. The time interval of 30s at 140ºC 

and 35lb is comparable to the ENSEAL data that UMN tested. Next round of UMN tissue 
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testing will test tissue with and without removing the outer layer of tissue that has been 

exclusively used at UMN up to this point.  

2.2 Testing Date: APR 15 – 17, 2015 – ENSEAL and 140ºC & 35lb 

Purpose: This testing will use ENSEAL device along with thermal jig parameters 140ºC 

and 35lb to determine if the tissue preparation (i.e., the removal of the “excessive tissue”) 

is causing a reduction in burst pressure values. Also, the testing will be a day earlier as 

well.  

Protocol: The Thermal Jig will be used to test sixteen arteries according to the following 

requirements. Eight arteries will be tested with tissue removed, and eight will be tested 

without tissue removed. 

Sealing Summary:  

Tissue was harvested on Apr 13th, 2015 and arrived on Apr 15th, 2015. Sealing was done 

on Apr 15th – 17th.   

Heaters were set to 150ºC. Tissue temperature was initially at 143ºC, and it settled to ap-

proximately 140 ± 3ºC for the remainder of the run. Details on sealing can be found in 

Joel’s Notebook III on pages 22 – 27 and 31 – 33. 

For ENSEAL measurements, the sealing time was 9 ± 1s. Blotting the tissue and using 

the procedure outlined by Mark who said to “I typically start energy delivery, wait 1-2 

seconds for the tissue effects to start, and then begin to move the I-Blade prior to hearing 

the change in pitch.” The same generator and device were used as in Mar 18 – 20. 

Burst and Peel Summary:  

Sealed tissue was tested for burst and peel on Apr 3rd. Testing was done by Joel Scheu-

mann, and the results can be found in Joel’s Notebook III on pages 28 – 30 and 34. The 

results of burst pressure and burst vs. peel can be found in Appendix Figure 6 below. 

   

Appendix Figure 6: Panel (A) shows burst results from April 17th testing. Panel (B) 

shows the burst value plotted against initial peel value from the same artery again from 

the April 17th testing.  

Conclusions: 

This testing shows most pointedly that the data from the ENSEAL has a mean within of 

approximately 800mm Hg which is comparable to what commercial energy devices get. 

This is encouraging that the ENSEAL device at UMN is operating similar to how other 

(A) (B) 
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ENSEAL devices act in clinical applications. Future work was decided to do more testing 

on 100ºC and 140ºC to discern if this difference in burst pressure with the ENSEAL is 

observed with the Thermal Jig. Peel tests were suspended as they had not yielded a corre-

lation between burst and took quite a bit of time to do. 

2.3 Testing Date: APR 22 – 23, 2015 – 100ºC; 50lb and 140ºC; 50lb 

Purpose: The purpose of this testing is to see if one can distinguish between the thermal 

jig parameters of 140ºC; 50lb; 30s and 100ºC; 50lb; 30s.  

Protocol: Fifteen arteries will be used for each. With each artery being cut in half and 

tested, thirty samples will be available for each method. During sealing, seal the tissue as 

received by Ethicon. Store the sealed tissue in the polybags sent by Ethicon. Blot tissue 

before sealing.  

Sealing Summary:  

Tissue was harvested on Apr 20th, 2015 and arrived on Apr 22nd, 2015. Sealing was done 

on Apr 23rd.   

For parameter 140ºC, heaters were set to 150ºC. Tissue temperature was initially at 

143ºC, and it settled to approximately 140 ± 3ºC for the remainder of the run. For the 

100ºC parameter, the heaters were set to 100ºC. Tissue temperature was within the range 

of 100 ± 5ºC for the whole run. Details on sealing can be found in Joel’s Notebook III on 

pages 36 – 40. 

Burst Summary:  

Sealed tissue was tested for burst and peel on Apr 23rd. Testing was done by Joel Scheu-

mann, and the results can be found in Joel’s Notebook III on pages 41 – 42. The results of 

burst pressure and burst vs. peel can be found in Appendix Figure 7 below. 

 

Appendix Figure 7: Boxplot of burst pressure for Thermal Jig with parameters of 100ºC; 

50lb and 140ºC; 50lb for the time interval of 30s. The boxes above both of the boxplots 

indicate the number of successfully sealed arteries that recorded a burst pressure instead 

of leaking immediately.  
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Conclusions: 

The measurements show that increasing the temperature from 100ºC to 140ºC, the burst 

pressure significantly increases. The increase of burst pressure of the 140ºC; 50lb param-

eter has its median in the range of 600 – 800mm Hg which is considered an acceptable 

seal strength according to Ethicon. The burst pressure at 140ºC; 50lb; 30s is much greater 

from previous testing from March 18th – 20th and February 18th – 20th. More work of test-

ing 100ºC; 20lb; 30s and 140ºC; 20lb; 30s. 

2.4 Testing Date: MAY 6 – 7, 2015 – 100ºC; 20lb and 140ºC; 20lb 

Purpose: The purpose of this testing is to see if one can distinguish between the thermal 

jig parameters of 140ºC; 20lb; 30s and 100ºC; 20lb; 30s.  

Protocol: Fifteen arteries will be used for each. With each artery being cut in half and 

tested, thirty samples will be available for each method. During sealing, seal the tissue as 

received by Ethicon. Store the sealed tissue in the polybags sent by Ethicon. Blot tissue 

before sealing. Additionally, the arteries were weighed at three times: before blotting, af-

ter blotting, and after sealing. 

Sealing Summary:  

Tissue was harvested on May 4th, 2015 and arrived on May 6th, 2015. Sealing was done 

on May 7th.   

For parameter 140ºC, heaters were set to 150ºC. Tissue temperature was initially at 

143ºC, and it settled to approximately 140 ± 3ºC for the remainder of the run. For the 

100ºC parameter, the heaters were set to 100ºC. Tissue temperature was initially at 93ºC. 

After 10s, the temperature was within the range of 100 ± 5ºC for the remainder of the run. 

Details on sealing can be found in Joel’s Notebook III on pages 44 – 49. 

Burst Summary:  

Sealed tissue was tested for burst and peel on May 7th. Testing was done by Joel Scheu-

mann, and the results can be found in Joel’s Notebook III on pages 50 – 51. The results of 

burst pressure and burst vs. peel can be found in Appendix Figure 8 below. 
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Appendix Figure 8: Burst pressure summary of 140ºC;50lb, 140ºC;20lb, 100ºC;50lb, 

and 100ºC;20lb at time interval of 30 seconds. The number in the boxes indicate the num-

ber of samples that recorded an appreciable burst pressure instead of leaking immedi-

ately. For 140ºC;20lb, two samples had abnormally high burst values of 1651 and 

1719mm Hg which made the sample size not conform to normality. After removing 

them, the group met normality requirements. 

Conclusions:  

The latest data shows that a significant different arises from sealing the tissue as received 

from Ethicon. Also, it gives data that is comparable to what energy sealers output. With 

the significant difference in sealing by not removing the tissue, the previous data for both 

burst and peel seems to be invalidated. With the lack of correlation between burst and 

peel in the initial testing, it seems possible though still unlikely that performing measure-

ments on burst and peel as received from Ethicon will yield a correlation.  
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APPENDIX C: Tissue Preparation Discovery 

Purpose: This appendix will describe how the tissue preparation changed with recom-

mendations from Ethicon. 

Introduction: 

The burst pressure values received when testing with the Thermal Jig and the ENSEAL 

device were much below the expected value of 600 – 800 mm Hg. The graph of the low 

burst values is shown below in Appendix Figure 9. 

 

Appendix Figure 9: Initial Burst Values 

In order to investigate why the burst values were so low, several processes were exam-

ined which included the time from harvest to burst testing, performance of the pressure 

transducer, and the preparation of the arteries themselves. 

Methods: 

Burst Time: 

According to communication with UMN, Ethicon did some testing based on the timeline 

of when tissue was received from a slaughterhouse. The timeline for normal week was 

the following: 

 Monday: Tissue was harvested by slaughterhouse and sent overnight to Ethicon 

 Tuesday: Tissue received by Ethicon, cleaned and sent overnight to UMN 

 Wednesday: Tissue received by UMN and performed sealing procedure 

 Thursday: Tissue burst tested by UMN 
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Appendix Figure 10: Ethicon Testing for Time and Preparation 

Day-0 = Freshly harvested Carotids sealed on the day of delivery (Tuesday 4/7).  No 

treatment besides standard Ethicon preparation protocol (which was done on all speci-

mens). 

Day-1 = Carotids sealed on the day after delivery (Wednesday 4/8).  No treatment except 

refrigerated overnight.  Observed lower mean and more variation in burst data. 

Day-3 = Carotids sealed 3 days after delivery (Friday 4/10).  No treatment except refrig-

erated for 3 days.  Drop in burst mean but about the same variation as Day-1. 

Day-3 Saline = Carotids sealed 3 days after delivery (Friday 4/10).  Saline was added to 

the individual polybags and refrigerated for 3 days.  The addition of saline is how I de-

liver to you.  Burst mean and variation are the same as Day-3 data (no saline). 

Day-3 Saline+Cleaned = Carotids sealed 3 days after delivery (Friday 4/10).  These 

specimens were cleaned of excess tissue per your procedure.  I did not take photos but am 

confident that they are similar in appearance to the images you provided.  They were then 

placed back in the individual polybags, saline was added, and they were refrigerated for 3 

days.  Substantial drop in burst mean. 

Pressure Transducer: 

The pressure transducer was tested to determine if it was giving systematically low val-

ues. This was tested by hooking up a syringe to the transducer and compressing the sy-

ringe by 50%. This compression should result in a reading of 760mm Hg which is ap-

proximately 1 atmosphere. This follows from the assumption of ideal gas law relation 

that P1V1 = P2V2. By decreasing the volume by a factor of two, the pressure should in-

crease by a factor of two (the reading will only show one atmosphere because of one at-

mosphere already being in the syringe at the beginning. 
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Appendix Figure 11: Testing Pressure Transducer 

The results of the experiment are shown in Appendix Figure 12. Not only was the syringe 

compressed by 50% but also in 10mL increments from 50mL to 15mL.  

 

Appendix Figure 12: Pressure Transducer Results 

From Appendix Figure 12, the pressure transducer was only off by 100mm Hg. This pres-

sure difference is not enough to warrant a hypothesis that claims that the pressure trans-

ducer is responsible for the low burst pressure values. 
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Artery Preparation: 

UMN Tissue preparation included further cleaning of the arteries that were sent by Ethi-

con. The arteries before and after cleaning are shown in Appendix Figure 13. 

   

Appendix Figure 13: (A) Pre-Cleaning; (B)  Post-Cleaning 

This process was not encouraged by Ethicon, and they recommended to stop it and test 

the arteries as they were received as they perform the cleaning that they deem necessary. 

Results: 

 

Appendix Figure 14: Thermal Jig sealing results by not performing the extra cleaning 

Conclusion: 

With the more reproducible results coming from the higher temperatures of 140ºC, it 

seems that the main cause was testing the arteries as received from Ethicon and not per-

forming additional cleaning. The tissue removed was a part of the adventitia layer of the 

artery and probably high in collagen. One hypothesis why removing the adventitia de-

creased the burst pressure is that this extra cleaning process was removing large amounts 

of collagen which is a major contributor in sealing the artery. By removing this layer, the 

artery did not have enough material to provide an effective seal. 

  

(A) (B) 
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APPENDIX D: Denaturation Onset of Old Tissue 

Background:  

Denaturation onset measurements were completed on carotid arteries and rat tail tendons. 

Careful attention to the storage time of tissue was not kept track. 

Purpose:  

Demonstrate how the denaturation onset varied with time from harvest in both carotid ar-

teries and rat tail tendon. 

Protocol: 

Initial denaturation measurements did not monitor closely the length of time between tis-

sue harvest and testing performed. Thus, time from harvest to testing was as long as sev-

enteen days from harvest to test. As the protocol for making denaturation measurements 

was finalized and tissue procurement was regular, time from harvest to test was reduced 

to a maximum of three days. 

Results:  

The difference in denaturation offset for carotid artery is shown below in Appendix Fig-

ure 15. 

 

Appendix Figure 15: Denaturation for carotid artery with 3 day wait and 13-17 day wait 

Also, the variation in denaturation onset can be seen for rat tail tendon in Appendix Fig-

ure 16.  
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Appendix Figure 16: Denaturation for carotid artery with various lengths of time be-

tween harvest and test 

Conclusion:  

For the carotid artery testing, a significant difference is present between “3 day Wait” and 

“13 – 17 day Wait” (p = 0.016) using a two-tailed, unequal variance t-test. For the rat tail 

tendon, the denaturation onset at 13 days on October 27th is much larger than the earlier 

testing. More data would have to be taken to determine a significant difference in waiting 

with rat tail tendon. In summary, care should be taken in the time between harvest and 

test with denaturation measurements. In Wang, S. the denaturation onset did not change 

significantly for DSC when waiting 0 days, 9 days, and 34 days from harvest to test [75]. 
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APPENDIX E: Calculation of Denaturation Onset 

Purpose: This will describe the raw spectra was processed in order to calculate denatura-

tion onset for a particular tissue specimen. 

Starting Out: Raw Spectra: 

An initial spectra of carotid artery soaked in a 0.9% w/v D2O solution looks like the fol-

lowing in Appendix Figure 17. Also, it contains the characteristic bands from literature 

[75, 78, 81].  

 

Appendix Figure 17: Representative FTIR Spectra of Sample Carotid Artery  

Methods of Recording Spectra: 

The heater was set to 2.5ºC/min, and the heating range was from 25ºC – 120ºC. Due to 

the heating lag between the heater and the sample (See Appendix B), the sample tempera-

ture heating range was from 25ºC to ~100ºC.  

After starting the heating rate, spectra were recorded every 1ºC change in the heater tem-

perature. To determine the sample temperature, an additional thermocouple was placed 

between the diamond crystal and the sample tissue as shown in Appendix Figure 18 be-

low. 
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Appendix Figure 18: ATR Sample Plate Setup 

Once all of the spectra have been recorded, the spectra files which have a .spa file exten-

sion are saved so as to have a .csv file extension so that they can be processed with a 

MATLAB script. 

Processing Spectra with MATLAB Script 

The MATLAB script processes the spectra in the following ways. First, the script takes 

the difference between each spectra and the initial spectra at 25ºC. Second, the script cal-

culates the second derivative of the difference spectra using a 13-point smoothing factor 

from Savitzky  and Golay [82]. Third, second derivative is inverted by multiplying by 

negative one. Fourth, the user is prompted to pick two points between which an are is cal-

culated. The points taken are usually between 1608 and 1630cm-1, become the baseline of 

the beta-sheet peak, and are subsequently used to calculate the area beneath each spectra 

and the baseline. Fifth, the program records the beta-sheet formation (area under the 

curve) for each spectra in a saved file. This process is described below with steps shown 

with manual Excel manipulation of spectra to show what happens with the MATLAB 

code.  

Excel Explanation of Spectra Manipulation 

The final picture of the spectra looks like the following in Appendix Figure 19 with only 

representative spectra shown every 8ºC. 

Insulated Pressure 

Head 

Sample Thermocouple: 

0.076mm diameter 

Heater  

Thermocouple 

Diamond Crystal: 

1.5 mm Diameter 

1. 

Stainless Steel 

Sampling Plate 

Silicon 
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Tissue 
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Appendix Figure 19: Sample Spectra Recorded During Denaturation Run 

Since we are looking at the Amide-I region for analyzing the protein denaturation by us-

ing the beta-sheet as a marker, the sample spectra zoomed-in at the Amide-I position 

from 1600 – 1700cm-1 is shown in Appendix Figure 20. 

 

Appendix Figure 20: Sample spectra in Amide-I region 
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After the sample spectra are taken, difference spectra are recorded by subtracting the ini-

tial spectra at 25ºC from the subsequent spectra. The final result is shown below in Ap-

pendix Figure 21.  

 

Appendix Figure 21: Difference Spectra 

Additionally, the more useful portion of the graph is the Amide-I region. This is shown 

below in Appendix Figure 22. 
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Appendix Figure 22: Difference Spectra in Amide – I Region 

After calculating the difference spectra, a 13-point smoothing factor was used to calculate 

the second derivative from Savitzky [82]. Additionally, the second derivative was multi-

plied by a factor of -1 in order to get positive area from the peaks. The graph showing the 

inverted second derivative of the difference spectra is shown below in Appendix Figure 

23. 
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Appendix Figure 23: Inverted Second Derivative 

After the calculation of the inverted second derivative, the area is calculated by first se-

lecting a linear baseline calculated by the selection of two points and by second calculat-

ing the area between the spectra and the baseline. A sample baseline and the area of inter-

est is shown below in Appendix Figure 24.  
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Appendix Figure 24: Baseline and Area Calculation 

These areas for each spectra which correspond to a particular temperature are plotted to 

determine the onset of denaturation. The onset of denaturation is defined as a sharp in-

crease in beta-sheets. One method of quantifying the denaturation is do draw tangent 

lines along the initial increase in beta-sheet formation and along the part of the curve be-

fore the beta-sheet starts to increase. An example of this process is shown below in Ap-

pendix Figure 25. 
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Appendix Figure 25: Denaturation Onset Calculation 

This graph shows the temperature range of the experiment from 25 – 95ºC. Also, it shows 

how spectra were recorded every 1ºC change. Finally it lays out how the onset of dena-

turation was calculated.  

 

Conclusion:  

The above description shows how to calculate the onset of denaturation. First, the first 

spectrum is subtracted from all of the subsequent spectra. Second, the second derivative 

is taken of the difference spectra. Third, this second derivative is inverted by multiplying 

by minus one. Fourth, a baseline is drawn beneath the -sheet curve which is centered 

around 1620cm-1. Fifth, the area between each curve and the baseline is calculated and 

plotted against the temperature at each of the spectra. Sixth, tangent lines are drawn on 

the just made plot to determine the onset of denaturation which is the intersection of the 

tangent lines.  
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APPENDIX F: Explanation of MATLAB Code 

Background: 

In order to efficiently process spectra to determine denaturation onset, a MATLAB code 

was developed. 

Purpose: 

The purpose of this appendix is to explain how the MATLAB code works and how to use 

it. 

Explanation: 

The MATLAB code can be broken into five main parts: 

 Starting the MATLAB script 

 Retrieve the Amide I region (1600 – 1700cm-1) from the raw data 

 Calculate difference and inverse second derivative of difference  

 Define baseline under which to calculate area 

 Retrieve calculated areas in order to calculate denaturation onset 

Starting the MATLAB script 

The first portion of the MATLAB code is run by calling the function name with the title 

of the spectra and the number of spectra. The format for starting the program is the fol-

lowing: 

ftiranalysis(‘YYMMDDR0’,#) 

where “YY” are the last two digits of the year, “MM” is the month, “DD” is the day of 

the experiment, “R” is the run number (if no number is used, this may be omitted), “0” is 

needed to match the title as the titles are auto-generated with four digit space with an au-

tomatic title of “YYMMDDR”. One of the zeroes is supplied with “0”, and the MATLAB 

code looks for the other three numbers with the “%03i” command. An example of run-

ning the script is the following: 

 

Appendix Figure 26: Example input MATLAB code to start script 

The above example says that the run being analyzed is the first run on July 16, 2015. 

Also, 95 spectra were taken on the run. 

Retrieve the Amide I region (1600 – 1700cm-1) 

Next, the data from the Amide I region is read and indexed. This is done by taking the 

rows from 1937 to 2197 since these correspond to wavenumbers approximately 1600 – 

1700 cm-1. The numbers of 1937 and 2197 are used because of the resolution of 4cm-1 

used in the measurements.  
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Calculate difference and inverse second derivative of difference  

The next section calculates the difference and subsequent inverse second derivative of the 

difference spectra. The result of this is shown in Appendix Figure 27. 

 

Appendix Figure 27: Inverse second derivative of difference spectra from MATLAB 

Code 

Define baseline under which to calculate area 

The MATLAB script displays the inverse second derivative plot and enables the user to 

select two points from which to calculate the area under the -sheet curve. The selecting 

of the left side of the baseline is shown in Appendix Figure 28 below. 

 

Appendix Figure 28: Left side of -sheet curve at ~1611cm-1 

The right side of the baseline is indicated by Appendix Figure 29 below. 
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Appendix Figure 29: Indication of the right side of the -sheet curve at ~1623cm-1 

where the temperature is indicated by color is it varies from red-yellow-green-blue-in-

digo-violet with increasing temperature 

Retrieve calculated areas in order to calculate denaturation onset 

After selecting the baseline from which to calculate the area, a figure is output from the 

code. An example of this is following in Appendix Figure 30: 

 

Appendix Figure 30: Output of graph by MATLAB which plots the beta-sheet for-

mation versus temperature 

The above figure graphs the calculated beta sheet formation versus pre-programmed tem-

perature instead of the actual temperature recorded by a thermocouple. The -sheet for-

mation can be retrieved by looking under the Matlab folder as shown in Appendix Figure 

31. 
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Appendix Figure 31: Location of MATLAB output folder 

MATLAB Code: 

%%FTIR Data Analysis 

%7/12/15 MK, JS 

%7/21/15 MK included ginput for the baseline 

%Takes the raw data from the csv file (output from the Omnic Software) and 

%analyzes it 

function [] = ftiranalysis(filename, m) %use csv file with data 

    for i = 1:m 

        datafile = [filename, num2str(i, '%03i'), '.CSV']; 

        alldata = csvread(datafile,1937,0, [1937, 0, 2197, 1]); 

        %opens the csv file with the specified boundaries; R1, C1, [R1, C1, R2, C2] 

        wavenumb = []; 

        wavenumb = alldata(:,1); %creates a column of just the raw wavenumbers 

        absorb = []; 

        absorb = alldata(:,2); %creates a column of just the raw absorbances 

        eval(['absorbance' num2str(i) ' = absorb']); %assigns the absorbance values into 

variable names absorbance i 

        wavenumber = wavenumb(7:255,:);  

    end 

% Savitzky-Golay Smoothing and Differentiation of Data 

% 7/14/15 MK 

% It takes the dataset and smoothes it as it take the second derivative of 

% the dataset. This is written for 13-pt filter width. 

        colorVec = hsv(m-1); % Generate hue-saturation-value color map for data 

    for ii = 2:m 

        currentabs = eval(['absorbance' num2str(ii)]); 

        eval(['absorbdiff' num2str(ii - 1) ' = currentabs - absorbance1']); 

        x = eval(['absorbdiff' num2str(ii-1)]); 

        filtdata = zeros(249, 1); 

        for n = 1:249 

            filterthat = (x(n,1)*22 + x(n+1,1)*11 + x(n+2,1)*2 + x(n+3,1)*(-5) + 

x(n+4,1)*(-10) + x(n+5,1)*(-13) + x(n+6,1)*(-14) + x(n+7,1)*(-13) + x(n+8,1)*(-10) + 

x(n+9,1)*(-5) + x(n+10,1)*2 + x(n+11,1)*11 + x(n+12,1)*22)/1001; 

            filtdata(n) = filterthat; 

        end 

        eval(['filterdata' num2str(ii - 1) ' = filtdata*(-1)']); 

        y = eval(['filterdata' num2str(ii-1)]); 

        hold on; 

        plot(wavenumber, y, 'Color', colorVec(ii-1,:)); % Plot and change the color for 

each line 

        title('Graph of Inverse Second Derivative') % Displays the title of the graph 

    end 

    hold on; 

    [P,Q] = ginput(2); % Prompts to graphically input two points 

    plot(P,Q,'*'); % Plots the two points on the graph 

    line (P,Q); % Draws a line between the two points 

    linequation = polyfit(P,Q,1); % Gives out the linear fit equation 

    hold off; 

    % Defines s and t as wavenumbers and the corresponding absorbances based on the wave-

numbers between P and Q 

    s = wavenumber(wavenumber >= P(1,:) & wavenumber <= P(2,:)); 

    sinteg = zeros(length(s),1); 

    for j = 2:m 

        z = eval(['filterdata' num2str(j-1)]); % takes all the filtered data 

        t = z(wavenumber >= P(1,:) & wavenumber <= P(2,:)); % Takes all the filtered ab-

sorbance data within the chosen points and assigns variable t 

        newt = t - linequation(:,1)*s - linequation(:,2); % Takes t and subtracts the 

linear equation of the line to account for the baseline 

        sinteg(j-1) = simps(s,newt); % Calculates the area under the curve using Simp-

son's Rule and stores the values in the matrix called 'sinteg' 

    end 

    clear plot 
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    tem = linspace(25,100,length(sinteg)); % Creates an evenly spaced line from 25 to 100 

with however many the simpson's integration values there are 

    temp = tem'; % Transposes the matrix 

    plot(temp,sinteg) % Plots the graph with temperature on x-axis and simpson's integra-

tion values on y-axis 

    title('Denaturation Curve') % Displays the title of the graph 

    xlabel('Temperature (C)') % x-axis label 

    ylabel('Beta-sheet Formation (AU)') % y-axis label 

    figurename = [filename,'.jpg']; 

    saveas(figure(1),figurename);  % Saves the figure1 

    xcelname = [filename,'.xlsx']; 

    warning('off','MATLAB:xlswrite:AddSheet'); 

    xlswrite(xcelname,sinteg); 

end 
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APPENDIX G: ATR Characterization 

Purpose: This will describe how characterized the ATR in its temperature and load re-

sponse. 

 

Appendix Figure 32: ATR Accessory in FTIR Main Machine 

Load Characterization: 

To characterize the load, a calibrated spring from Larson Instruments (Part No: 018-

3000-0010-02) was used to test if the load gauge was operating properly. The force gauge 

on the ATR had a no-load offset. The two offsets were at 6N and 21N. Thus, when no 

load was applied, the force gauge gave a reading of either 6N or 21N.  

Load Characterization Methods: 

To test the load a calibrated spring was put between the base of the machine and the force 

applicator. Since the applicator was only 4.5mm in diameter and the spring was almost 

1inch in diameter, a thin piece of aluminum (1in x 4in) was used to facilitate transferring 

the force from the force applicator and the spring. While compressing the spring, the 

force gauge was read. Additionally, the length of the compressed spring was measured. 

Comparing the compressed length with the free length of the spring, a compressed dis-

tance was able to be calculated. Both the force gauge and calibrated spring force vs. com-

pressed length for comparison. This was done for both the 6N and 21N offset as shown in 

Appendix Figure 33 and Appendix Figure 34, respectively. 
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Appendix Figure 33: ATR force characterization with 6N offset 

 

Appendix Figure 34: ATR Force Characterization with 21N offset 

Force Characterization Discussion:  

From the above figures, the force gauge on the ATR has a similar response to the factory 

calibration of the spring. This similarity is seen in that the slopes are similar especially 

for the 6N offset. Also, the 6N offset graph in Appendix Figure 34 shows how the force 

gauge overlaps with the data at compressed lengths from 1.0 – 2.0in.  

Heat Characterization: Introduction 

The heat characterization was completed in two parts. The first part was testing the heat-

ing rate response of the ATR device, and the second part was testing the force gauge sen-

sitivity to being heated.  

Heat Characterization: Part 1 Methods 

It was found that the temperature of the sample lagged behind that of the heater. The rea-

son for the lag is that the heaters are located below the crystal. Thus, the heat has to travel 
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through the diamond crystal in order to heat the sample. Appendix Figure 35 below 

shows the assembly of the Harrick sampling plate. 

 

Appendix Figure 35: ATR Sampling Plate 

The heaters are below the crystal where the sample is located. This can be seen in Appen-

dix Figure 36. 

 

Appendix Figure 36: Enlarged view of sampling plate 

When running a denaturation experiment, both the heater and tissue temperature were 

recorded. The tissue temperature was recorded by using a thermocouple between the dia-

mond crystal and tissue. Additionally, a Teflon-insulated cap was used to insulate the 

force applicator from the heating. Finally, the tissue was sealed with silicon grease in or-

der to maintain the moisture content of the sample. The setup is shown below in Appen-

dix Figure 37. 

 

Appendix Figure 37: ATR Tissue Setup 
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Heat Characterization: Part 2 Methods 

To test the effect heat has on the force value, the force value was recorded in addition to 

the heater temperature. Also, no load was initially placed with the applicator. A heating 

rate of 2.5ºC/min was used, and the heating range was 25 – 108ºC.  

Heat Characterization: Part 1 Results 

The above setup was used, and several different heating rates were set for the heater: 2.0, 

2.2, 2.4, and 2.5ºC/min. Both the heater and sample response is shown in Appendix Fig-

ure 38 at a heating rate of 2.0ºC/min. 

 

Appendix Figure 38: ATR Response of 2.0ºC/min (n = 3) 

Additionally, the same type of process was done for a heating rate of 2.2ºC/min as is 

shown in Appendix Figure 39. 

 

Appendix Figure 39: ATR Response of 2.2ºC/min (n = 1) 



 

91 

 

 

 

 

 

Again, this experiment was completed at a heating rate of 2.4ºC/min as shown below in 

Appendix Figure 40. 

 

Appendix Figure 40: ATR Response of 2.4ºC/min (n = 4) 

Finally, the experiment was performed mainly at a heating rate of 2.5ºC/min which is 

shown below in Appendix Figure 41. 

 

Appendix Figure 41: ATR Response of 2.5ºC/min (n = 25) 

Heat Characterization: Part 2 Results 

The temperature was plotted against temperature, and the result is shown in Appendix 

Figure 42. 
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Appendix Figure 42: Force vs Temperature 

This experiment has only been performed once, but this confirms a large influence of 

temperature on the force applicator of the ATR.  
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APPENDIX H: Effect of Sample Thermocouple on Pressure Measurements 

Background: 

Denaturation measurements were made with the application of load, but the denaturation 

onset did not seem to change. Further investigation revealed that using a thermocouple 

absorbed the effects of the load.  

Purpose: 

The purpose of this appendix is to demonstrate that using a thermocouple in the described 

setup throws-off denaturation onset measurements as the thermocouple bears the load in-

stead of the tissue in question. 

Protocol: 

Denaturation measurements were completed with and without an additional thermocou-

ple. This additional thermocouple was used to characterize the temperature response of 

the tissue. The ATR accessory was controlled with a thermocouple below the diamond 

crystal. The additional thermocouple was placed between the diamond crystal and the tis-

sue in order to observe the temperature response. A picture of this setup is seen below in 

Appendix Figure 43. 

 

Appendix Figure 43: ATR setup of Denaturation Measurements 

Denaturation measurements were initially made with loads of 2N. After making several 

measurements at this load, the load was increased to 10N and 20N to see what the effect 

the load had on the denaturation onset. 

Results: 

The results of 0N load without using an additional thermocouple are shown with loads of 

10N and 20N with the use of an additional thermocouple in Appendix Figure 44. 
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Appendix Figure 44: Effect of load on denaturation onset with the use of an additional 

thermocouple. The legend with the (TC) indicates the use of an additional thermocouple 

between the diamond crystal and the tissue. 

The above figure shows that the denaturation onset was not significantly changed as the 

load was increased with the use of an additional thermocouple. 

Conclusion:  

Understanding that the thermocouple was bearing most of the load instead of the tissue 

prompted the removal of using the thermocouple in subsequent denaturation measure-

ments. Since the sample temperature follows closely with the heater temperature, a cali-

bration curve between the sample temperature and the heater temperature was determined 

by taking the average of six (n = 6) runs. This calibration curve was used in the place of 

using an additional thermocouple. 
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APPENDIX I: Denaturation Onset Between DSC and FTIR 

Introduction: Determining the onset of denaturation has been done in the literature for 

both Differential Scanning Calorimetry (DSC) and Fourier Transform Infra-Red (FTIR) 

Spectroscopy. Representative paper for DSC denaturation onset is by Wang, et al. [75], 

and a representative paper for FTIR onset is by He, et al. [77].  

Purpose: This appendix will show that denaturation onset has been determined different 

ways for both FTIR and DSC. Also, the denaturation onset as calculated by DSC and 

FTIR have been compared differently. 

1. Tangent Line Method: 

In order to calculate the denaturation onset, tangent lines are placed along different 

slopes. The intersection of these lines is taken to be the denaturation onset. This has the 

advantage of being able to readily process data. A drawback, however, is that this process 

is subject to a high degree of variability as each person may think differently on where 

the tangent lines should be placed. Wim Wolkers, who is a professor at Leibniz Institute 

at Hannover, is user of this method. This method is seen in papers of Venkatasubrama-

nian, et al. [67] and Wang, et al. [75]. This method will be described as follows. 

The tangent line method is used for both DSC and FTIR. The steps for the process are the 

following: 

 Step 1: Place tangent lines on places of changing slope 

 Step 2: Calculate intersection of tangent lines 

1.1 FTIR Example from Wang, S. 2014. BBA 

The FTIR spectra is shown below in Appendix Figure 45. 

 

Appendix Figure 45: FTIR fractional denaturation curve of decellularized heart valve 

leaflets 
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Appling Step 1, the tangent lines are placed as follows in Appendix Figure 46. 

 

Appendix Figure 46: Denaturation plot with tangent lines 

After placing the tangent lines, the onset is to be interpreted. This is shown below in Ap-

pendix Figure 47. 

 

Appendix Figure 47: Denaturation onset determination 

1.2 DSC Example from Wang, S. 2014. BBA 

Similarly, in order to calculate denaturation onset by the tangent line method, one applies 

the tangent lines directly to the excess heat scan. The tangent lines applied to the DSC 

scan is shown in Appendix Figure 48. 
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Appendix Figure 48: Tangent lines applied to DSC scans 

The variation of the tangent line is show in the above calculated onset of 65.2ºC, but the 

author measured denaturation onset of 65.5ºC. 

2.  Derivative Method 

The derivative method is another way that has been used to calculate denaturation onset. 

Instead of using tangent lines to calculate onset, it calculates the derivative of the FTIR 

fractional denaturation onset and the onset is determined to be when the derivative is 

greater than zero after 37ºC [83]. Appendix Figure 49 from Qin, et al. shows a fractional 

denaturation curve being transformed into a derivative plot from which one may extract 

the onset of denaturation which is just where the derivative is greater than zero. 

 

Appendix Figure 49: Panel (a) is the fractional denaturation (FD) curve. Panel (b) is the 

derivative of the beta-sheet formation with respect to temperature. 

In Supplemental 1 of Qin, et al., Qin shows four examples of denaturation onset using the 

derivative method in Appendix Figure 50. 
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Appendix Figure 50: Denaturation onset determination via derivative method taken 

from Supplemntal 1 of Qin, et al. 

3. DSC and FTIR Comparison 

Both DSC and FTIR have been used as ways to calculate denaturation onset. This section 

will discuss how DSC and FTIR have been compared. Also, they hypothesis of this sec-

tion is that it matters how you measure the denaturation onset depending on how one ana-

lyzes both FTIR and DSC.  

3.1 Test Case 1: Wang, S. 2014. BBA Comparison of FTIR fractional denatura-

tion with DSC scan 

In this paper, Wang compares both FTIR and DSC seemingly by the tangent line method 

since this method yielded very close denaturation onset temperatures as to what was re-

ported in the paper. For reference, the graph is shown below in Appendix Figure 51. 

 

Appendix Figure 51: Comparison of FTIR fractional denaturation with DSC scan from 

Wang, S. 2014. BBA 
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The above figure claims a close relation between the denaturation onset coming from 

FTIR and DSC.  

3.2 Test Case 2: He, X. 2004. ABME – Comparison of derivative of FTIR frac-

tional denaturation with DSC scan 

This paper keeps the DSC scan as in Section 3.1, but it takes the derivative of the FTIR 

curve with respect to temperature. This is shown below in Appendix Figure 52. 

   

Appendix Figure 52: Panel (A) shows the fractional denaturation curve of FTIR. Panel 

(B) shows the derivative of fractional denaturation compared with the DSC scan. Both 

pictures are from He, X. 2004. ABME. The paper notes that the onsets are at 40.3ºC and 

41.4ºC for the FTIR and DSC, respectively.  

The paper says that the derivative of the fractional denaturation matches the excess spe-

cific heat scan quite well.  

From the first test case, a comparison was made between FTIR fractional denaturation 

and DSC scan. Also, the second case compares the derivative of the fractional denatura-

tion and the DSC scan. The next section will reverse the comparison for both cases and 

make denaturation comparison. So, the first case will be changed to the derivative of the 

FTIR fractional denaturation curve and the DSC scan. Furthermore, the second case will 

compare the FTIR fractional denaturation curve with the DSC scan. 

3.3 Re-process of Test Case 1: Comparison of Wang, S. 2014 BBA data with He, 

X. 2004. ABME methods 

This section will analyze the Wang data by the methods used by He in which He com-

pared the derivative of fractional denaturation with the DSC scan. See Appendix Figure 

53 below for the comparison of denaturation onset in Wang’s analysis and He’s analysis. 

Data was retrieved from Wang by use of PlotDigitizer, and the derivative was taken using 

a 9-point derivative factor from Savitzky & Golay.  
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Appendix Figure 53: Panel (A) shows the Wang data processed how He, X. 2004. 

ABME processes it. Panel (B) shows the Wang processing. Using the derivative method 

for Panel (A), the denaturation onset for the FTIR changes from 65.6ºC in Panel (B) to 

~62.5ºC in Panel (A). 

The above graph illustrates how the denaturation onset changes by almost 3ºC (from 

65.6ºC to 62.5ºC) depending on what method is used to determine the onset. The next 

section will re-analyze the He data by the methods used by Wang. 

3.4 Re-process of Test Case 2: Comparison of He, X. 2004. ABME data with 

Wang, S. 2014. BBA methods 

This section will analyze the He data by comparing the FTIR fractional denaturation 

curve with the DSC scan. The comparison is shown in Appendix Figure 54. Again, data 

was retrieved via PlotDigitizer. 

   

Appendix Figure 54: Panel (A) shows the denaturation onset comparison that is done in 

the Wang paper. Panel (B) shows the denaturation onset comparison that is done in the 

He paper. Panel (A) shows a denaturation onset of ~47.5ºC using the tangent line method 

for the FTIR whereas Panel (B) shows a denaturation onset of ~41ºC. 

The above graph shows a starker contrast when processing the He data the way Wang 

does. The difference in denaturation onset is 6ºC between the respective methods. 

3.5 Comparison of Miles rat tail tendon DSC data and FTIR rat tail tendon done 

here 

The reason for doing all of this data processing came about when I was trying to compare 

my FTIR data on rat tail tendon with the literature, namely DSC work done by Miles in 

1995. Appendix Figure 55 below compares two methods of analyzing the presented FTIR 

work in this paper with Miles DSC data. 
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Appendix Figure 55: Panel (A) has the comparison that is done in the He paper. Panel 

(B) compares the data as presented in the Wang paper.  

The data shown above in Appendix Figure 55 shows a contrast in the determination of 

denaturation onset. For example, Panel A gives an onset for the FTIR data of ~51ºC using 

the tangent line method. In Panel B, the denaturation onset is ~56ºC which is much closer 

to Miles onset of ~59ºC as calculated by the tangent line method.  

Conclusion 

This Appendix was to show that the way one processes data will change the denaturation 

onset temperature depending on how one processes the data, whether it be by using the 

derivative method or tangent line method. 

  



 

102 

 

 

 

 

 

APPENDIX J: Difference in Second Derivative Plots for Pressure Runs 

Background: 

Reporting fractional denaturation can be a bit misleading as denaturation onset is defined 

as an increase in -sheet formation with a simultaneous decrease in -helix formation 

[83].  

Purpose: 

The purpose of this appendix is to show how the inverse second derivative plots change 

when applying pressure to the sample. This will be shown by displaying what a normal 

second derivative plot looks like and contrasting it with those generated by pressure. 

Inverse Second Derivative Plot: 0N Load with Heating Rate 

For tissue with no load, the an example of the second derivative plot looks like the fol-

lowing in Appendix Figure 56. 

 

Appendix Figure 56: Inverse second derivative plot on Run 3 of July 16, 2015 which 

used carotid artery with no load. It should be noted that the primary -sheet formation is 

centered at 1620cm-1. Also, the -helices is centered at 1650cm-1 [78]. 
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Inverse Second Derivative Plot: 10N Load with Heating Rate 

For tissue with 10N load with no thermocouple, a representative second derivative plot is 

shown below in Appendix Figure 57. 

 

Appendix Figure 57: Inverted second derivative plot with 10N load on sample. This pic-

ture corresponds to Run2 on July 22nd, 2015. This plot looks similar to the 0N plot above 

as it has the similar curves centered at 1620cm-1 and 1650cm-1 which correspond to -

sheet and -helics, respectively. 

Inverse Second Derivative Plot: 20N Load with Heating Rate 

Also, the second derivative plot of carotid artery with 20N of load is shown below in Ap-

pendix Figure 58. 

 

Appendix Figure 58: This plot corresponds to Run2 on July 24th, 2015. This plot of the 

second derivative of 20N is also similar to that of 0N and 10N which contains clearly de-

fined curves centered at 1620cm-1 and 1650cm-1.  
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Inverse Second Derivative Plot: 50N Load with Heating Rate 

Also, tissue experiencing 50N of load with a heating rate is shown in Appendix Figure 

59. 

 

Appendix Figure 59: Inverse second derivative plot of 50N load with heating rate. This 

plot corresponds to Run1 of September 19th, 2015. This plot contains most of the familiar 

curves, but the curve centered at 1620cm-1 is at least half the size of the previous loads. 

Inverse Second Derivative Plot: 0N Load with no Heat 

Also, Appendix Figure 60 shows the inverse second derivative plot with 0N load and no 

heat applied. 

 

Appendix Figure 60: Inverse second derivative plot of 0N with no heat. This plot was 

Run 2 on August 20th, 2015. No distinguishable peaks are seen in the above graph to ac-

curately determine any denaturation occurring. 
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Inverse Second Derivative Plot: 10N Load with no Heat 

Next, the inverse second derivative plot of 10N load with no heat is shown in Appendix 

Figure 61. 

 

Appendix Figure 61: Inverse second derivative plot with 10N load with no heat. This 

plot was taken on Run1 on August 27th, 2015.  

Inverse Second Derivative Plot: 20N Load with no Heat 

Next, the inverse second derivative plot of 20N load with no heat is shown below in Ap-

pendix Figure 62. 

 

Appendix Figure 62: Inverse second derivative plot with 20N load with no heat. This 

plot was taken on Run2 on August 28th, 2015.  
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Inverse Second Derivative Plot: 50N Load with no Heat 

Finally, the inverse second derivative plot was taken with a 50N load with no heat in Ap-

pendix Figure 63. 

 

Appendix Figure 63: Inverse second derivative plot with 50N load with no heat. This 

plot was taken on Run2 on September 16th, 2015.  

Conclusion: 

This appendix is to show that the second derivative plots change depending if pressure or 

temperature is applied to the sample. With no pressure and temperature applied, the 

curves are barely distinguishable. However, one has to be careful in determining what 

qualifies for -sheet to name the term fractional denaturation in a plot. 
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APPENDIX K: FTIR Point Measurement Timeline 

Introduction: In order to determine the effects of pressure and temperature on tissue, 

FTIR with the ATR accessory was performed on tissue that went under treatments that 

were tested for mechanical strength as the 140ºC;50lb;30s, 140ºC;20lb;30s, 

100ºC;50lb;30s, and 100ºC;20lb;30s. 

Purpose: The purpose is to determine what molecular changes occur with the Thermal 

Jig treatments. 

Timeline: The timeline started with measuring fresh tissue. After that, the thermal jig pa-

rameters were measured for comparison. 

1. MAY 20 – 21, 2015: Fresh Measurements 

Purpose:  

The first set measurements was to measure how arteries looked fresh on FTIR spectra. 

Protocol:  

The arteries were harvested on May 18th and received on May 20th
 at UMN. Upon receiv-

ing arteries, they were soaked in D2O at least one hour. For FTIR measurements, the ar-

teries were measured under the following conditions: 

 Wet with small force (2N) 

 Blotted with small force 

 Wet with large force (50N) 

 Blotted with large force.  

Also, the weight before and after blotting tissue was taken. Measurements were taken on 

May 20th – 21st.  

Measurements Summary:  

The protocol above was followed. More details can be found in Joel’s Notebook III pages 

53 – 57. Weight measurements and sample FTIR spectra is shown below in Appendix 

Figure 64. 

   

Appendix Figure 64: Panel (A) shows weight removed from blotting with ten (n = 10) 

samples compared to weight removed from drying tissues with four (n = 4) samples. Two 

(A) (B) 
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samples were completed on May 21st and two were completed on Feb 2nd. The drying de-

tails can be found in Joel’s Notebook II on page 45 and Notebook III on page 58. Panel 

(B) shows a sample FTIR spectra of fresh blotted tissue under 2N of force. 

Conclusions: 

The weight reduction by blotting at 30.1 ± 4.4% is very similar to that measured when 

sealing arteries for burst pressure. Thus, the process seems to be similar. Next measure-

ments will be of arteries subjected to treatment of 140ºC;50lb;30s. 

2. MAY 22 – 23, 2015: 140ºC;50lb;30s and 100ºC;50lb;30s 

Purpose: 

The purpose of these measurements is to test arteries with ATR before and after fusion to 

see if any change is detected. 

Protocol: 

The arteries were harvested on May 20th and received on May 22nd. Testing was com-

pleted on May 22nd and 23rd.  

Arteries were soaked in 0.9% w/v D2O solution with NaCl for 1 hour. Test arteries on 

wet, blotted, and fused state. Each of this testing is done at a load of 2N to ensure the ar-

tery has proper contact with the crystal. 

Measurement Summary: 

Heaters were set to 150ºC. Ten (n = 10) arteries were sealed at 140ºC;50lb;30s and four 

(n = 4) arteries were sealed at 100ºC;50lb;30s. For 140ºC treatments, the temperature was 

measured with the temperature controllers, and the temperature was generally within 140 

± 3ºC for the whole run. For 100ºC treatments, the heaters were set to 100ºC, and the 

temperature was generally within 100 ± 4ºC for the whole run. Details on testing and 

weight measurements can be found in Joel’s Notebook III on pages 59 – 64. Summary of 

data tested is shown below in Appendix Figure 65. 

   

Appendix Figure 65: Panel (A) shows the summary of weight removal from blotting and 

sealing from treatments of 140ºC;50lb;30s (n = 10) and 100ºC;50lb;30s (n = 4). Panel (B) 

shows a representative spectra of fresh, 140ºC;50lb;30s, and 100ºC;50lb;30s FTIR spec-

tra. 

  

(A) (B) 
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Conclusions: 

From the weight measurements, more weight was removed from blotting under the 

100ºC;50lb;30s treatment, but the difference was not significant. For the sealing, the 

weight removed was significantly higher under the 140ºC;50lb;30s treatment as com-

pared to the 100ºC;50lb;30s treatment. Next measurements will focus on treatments of 

140ºC;20lb;30s and 100ºC;20lb;30s. 

3. MAY 28 – 29, 2015: 140ºC;20lb;30s, 100ºC;20lb;30s, 100ºC;50lb;30s 

Purpose: 

The purpose of these measurements is to test arteries with ATR before and after fusion to 

see if any change is detected. 

Protocol: 

The arteries were harvested on May 26th and received on May 28th. Testing was com-

pleted on May 28th and 29th.  

Arteries were soaked in 0.9% w/v D2O solution with NaCl for 1 hour. Test arteries on 

wet, blotted, and fused state. Each of this testing is done at a load of 2N to ensure the ar-

tery has proper contact with the crystal. 

Measurement Summary: 

Six (n = 6) arteries were sealed at 100ºC;20lb;30s, five (n = 5) arteries were sealed at 

140ºC;20lb;30s, and five (n = 5) arteries were sealed at 100ºC;50lb;30s.  For 140ºC treat-

ments, the temperature was set to 150ºC. Temperature was initially at 145ºC. After 10s, 

the temperature settled down and stayed within 140 ± 3ºC for the whole run. For 100ºC 

treatments, temperature was initially at 95ºC. After 7s, the temperature stayed within 100 

± 4ºC for the whole run. Details on testing and weight measurements can be found in 

Joel’s Notebook III on pages 65 – 70. Summary of data tested is shown below in Appen-

dix Figure 66.  

   

Appendix Figure 66: Panel (A) shows the weight removal by different sealing parame-

ters in blotting and sealing with five (n = 5) samples for each artery as one sample from 

100ºC;20lb;30s had weight data that did not make sense. Panel (B) shows a representa-

tive of the FTIR spectra of each treatment. 

  

(A) (B) 
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Conclusions: 

For the weight removal, the blotting and sealing are similar for the three treatment levels. 

For the FTIR spectra, one can tell that a significant amount of water has been removed 

from the 140ºC;20lb;30s sample as the O-H stretch at 3300cm-1 is much lower than the 

other two treatments. More testing will be done to bring sample sizes to ten for each of 

the treatments. 

4. JUN 10 – 11, 2015: 140ºC;20lb;30s, 100ºC;20lb;30s, 100ºC;50lb;30s 

Purpose: 

The purpose of these measurements is to increase the sample size of point measurements 

for parameters of 140ºC;20lb;30s, 100ºC;20lb;30s, and 100ºC;50lb;30s to ten. 

Protocol: 

The arteries were harvested on Jun 8th and received on Jun 10th. Testing was completed 

on Jun 10th and 11th.  

Arteries were soaked in 0.9% w/v D2O solution with NaCl for 1 hour. Test arteries on 

wet, blotted, and fused state. Each of this testing is done at a load of 2N to ensure the ar-

tery has proper contact with the crystal. 

Measurement Summary: 

Five (n = 5) arteries were sealed at 100ºC;50lb;30s, four (n = 4) arteries were sealed at 

140ºC;20lb;30s, and three (n = 3) arteries were sealed at 100ºC;20lb;30s.  For 140ºC 

treatments, the temperature was set to 150ºC. Temperature was initially at 145ºC. After 

10s, the temperature settled down and stayed within 140 ± 3ºC for the whole run. For 

100ºC treatments, temperature was initially at 95ºC. After 8s, the temperature stayed 

within 100 ± 3ºC for the whole run. Details on testing and weight measurements can be 

found in Joel’s Notebook III on pages 71 – 77. Summary of data tested is shown below in 

Appendix Figure 67. 

   

Appendix Figure 67: Panel (A) shows the amount of weight removed for the three seal-

ing parameters for blotting and sealing. Panel (B) shows the representative spectra for 

each treatment. 

  

(A) (B) 
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Conclusions: 

A few more samples need to be collected in order to fill the quota for 100ºC;20lb;30s and 

140ºC;20lb;30s. Otherwise, latest testing suggests that the 140ºC;20lb;30s seems to re-

move more water from sealing than 100ºC;20lb;30s and 100ºC;50lb;30s. These results 

will have to be pooled with previous testing and test for statistical significance. 

5. JUN 17 – 18, 2015: 140ºC;20lb;30s, 100ºC;20lb;30s, and 100ºC;30s 

Purpose: 

The purpose of these measurements is to finish the sample size of point measurements for 

parameters of 140ºC;20lb;30s and 100ºC;20lb;30s. Also, samples were tested by only ap-

plying constant temperature of 100ºC to the tissue without any weight except that of the 

top plate. 

Protocol: 

The arteries were harvested on Jun 15th and received on Jun 17th. Testing was completed 

on Jun 17th and 18th.  

Arteries were soaked in 0.9% w/v D¬2O solution with NaCl for 1 hour. Test arteries on 

wet, blotted, and fused state. Each of this testing is done at a load of 2N to ensure the ar-

tery has proper contact with the crystal. 

Measurement Summary: 

One (n = 1) artery were sealed at 100ºC;20lb;30s, and one (n = 1) arteries were sealed at 

140ºC;20lb;30s. For the temperature only measurements, five (n = 5) arteries were treated 

at 100ºC;30s.  For 140ºC treatments, the temperature was set to 150ºC. The temperature 

stayed within 140 ± 3ºC for the whole run. For 100ºC treatments, temperature was ini-

tially at 94ºC. After 6s, the temperature stayed within 100 ± 3ºC for the whole run. De-

tails on testing and weight measurements can be found in Joel’s Notebook III on pages 78 

– 81. Summary of data tested is shown below in Appendix Figure 68.  

   

Appendix Figure 68: Panel (A) shows the weight removed from the three different treat-

ment methods. Panel (B) shows representative spectra from each of the treatment meth-

ods. 

  

(A) (B) 
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Conclusions:  

More data will be taken at temperature only settings.  

6. JUN 19 – 20, 2015: 100ºC;30s and 140ºC;30s 

Purpose: 

The purpose of these measurements is to finish the sample size of point measurements for 

parameter of 100ºC;30s and start on parameter 140ºC;30s. These experiments were com-

pleted by treating the tissue without any weight except that of the top plate. 

Protocol: 

The arteries were harvested on Jun 17th and received on Jun 19th. Testing was completed 

on Jun 19th and 20th.  

Arteries were soaked in 0.9% w/v D2O solution with NaCl for 1 hour. Test arteries on 

wet, blotted, and fused state. Each of this testing is done at a load of 2N to ensure the ar-

tery has proper contact with the crystal. 

Measurement Summary: 

Five (n = 5) samples were tested for both the 100ºC;30s and 140ºC;30s parameter. For 

the 100ºC treatment, the temperature was initially at 96ºC. After 6 seconds, the tempera-

ture reached and stayed at 100 ± 3ºC. For the 140ºC treatment, the temperature was ini-

tially at 145ºC. After 15 seconds, the temperature reached and stayed within 140 ± 4ºC. 

More details can be found in Joel’s Notebook III on pages 82 – 86. Summary of data 

tested is shown below in Appendix Figure 69. 

   

Appendix Figure 69: Panel (A) shows a summary of weight measurements coming from 

parameters 100ºC;30s and 140ºC;30s. Panel (B) shows example spectra from the treat-

ment parameters. 

Conclusions: 

Only five more measurements need to be taken at the treatment level of 140ºC;30s. This 

will conclude the point measurements. 

  

(A) (B) 
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7. JUN 24, 2015: 140ºC;30s 

Purpose: 

The purpose of these measurements is to finish the sample size of point measurements for 

parameter of 140ºC;30s. These experiments were completed by treating the tissue without 

any weight except that of the top plate. 

Protocol: 

The arteries were harvested on Jun 22nd and received on Jun 24th. Testing was completed 

on Jun 24th.  

Arteries were soaked in 0.9% w/v D2O solution with NaCl for 1 hour. Test arteries on 

wet, blotted, and fused state. Each of this testing is done at a load of 2N to ensure the ar-

tery has proper contact with the crystal. 

Measurement Summary: 

Five (n = 5) arteries were treated with 140ºC;30s. For the 140ºC treatment, the tempera-

ture was initially at 147ºC. After 12 seconds, the temperature reached and stayed at 140 ± 

3ºC. More details are recorded in Joel’s Notebook III on pages 87 – 89. Data results can 

be found in Appendix Figure 70. 

   

Appendix Figure 70: Panel (A) shows the weight data from 140ºC;30s with five sam-

ples. Panel (B) shows a representative spectrum. 

Conclusions:  

Combining all of the weight measurements, the comparison of weight loss can be seen in 

Appendix Figure 71 below. 
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Appendix Figure 71: Summary of weight measurements with treatment parameters of 

100ºC;30s (n = 10), 100ºC;20lb;30s (n = 9), 100ºC;50lb;30s (n = 14), 140ºC;30s (n = 10), 

140ºC;20lb;30s (n = 10), 140ºC;50lb;30s (n = 10), and drying in the oven (n  = 4).) 
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