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Abstract

For patients with severe cases of type 1 diabetes mellitus, the standard treatment of exogenous
insulin administration is not sufficient, and, therefore, are eligible for β-cell replacement therapies,
such as pancreatic islet transplantations, to regain glycemic control. In order to transplant pancreatic
islets, they first need to be separated from the rest of the pancreatic tissue through pancreatic islet
isolation procedure. Researchers from the Leiden University medical Center (LUMC) are working
on a system, called PancReatic Islet Separation Method (PRISM), that automates large parts of this
isolation procedure. During validation studies of the prototype device, PRISM 1.0, two main areas
have been identified that can be further improved upon during the development of a version two
PRISM device.

One of these areas is the need for the ability to identify pancreatic islets from exocrine tissue in a
label free, non-destructive an in- or on-line manner, as an alternative for the use of Dithizone (DTZ), a
cytotoxic zinc chelating agent which stains the pancreatic islets red. The other area for improvement
is to find a solution for the crowding effects, resulting in a disturbed density gradient, from a large
volume of tissue in the limited size Latham bowl.

In an effort to explore alternative options to identify pancreatic islets from exocrine tissue, a
research has been conducted in which optical and electrical properties of both tissues were investigated.
To this end, experiments have been performed in which the optical absorption and electrical impedance
spectra have been investigated. While some differences between pancreatic islets and exocrine tissue
have been measured, the results are within the margin of error, and, therefore, no definitive conclusion
has been reached on the usability of these methods for pancreatic islet identification.

To overcome the difficulties of a large volume of tissue in the continuous flow centrifuge bowl
during the pancreatic islet isolation procedure, research has been done into the optimization of the
controllable variables during the creation of sequential and simultaneous density gradients. This
research showed that the used tubing could gain more control after applying a treatment protocol and
that the developed pump system is linearly progressive and accurate. These findings were then used to
re-visit the simultaneous density gradient process, and evaluate the accuracy and repeatability of this
process. Ultimately, this process proved to be a robust and reliable method to create simultaneous
density gradients, and would, therefore, be able to solve the Latham bowl size limitations.
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Nomenclature

DTZ Dithizone

FMEA Failure Mode and Effects Analysis

GLP Good Laboratory Practice

GMP Good Manufacturing Practices

HFMEA Healthcare Failure Mode and Effect Analysis
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LUMC Leiden University Medical Center

PBS Phosphate-Buffered Saline

PRISM PancReatic Islet Separation Method
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CHAPTER 1

Introduction

Diabetes Mellitus is a disease in which patients are unable to regulate blood glucose levels, and currently

affects approximately 463 million people worldwide [1]. In the Netherlands alone, there currently are

1.168 million patients diagnosed with Diabetes Mellitus, out of which approximately 9% are diagnosed

with type 1 Diabetes Mellitus (∼0.1 million) [2, 3]. In type 1 diabetes the pancreatic β-cells, which,

located in the islets of Langerhans, are responsible for the production of insulin, are destroyed in an

autoimmune reaction, which leads to an impaired glycemic control [4, 5]. When a patient fails to maintain

normal blood glucose levels (between 60 mg/dL and 140 mg/dL [6]) and is exposed to hyper- or hypo-

glycemic events, then this can ultimately lead to (severe) complications, such as organ failure or coma

[7, 8, 9].

The current treatment for patients with type 1 diabetes is to monitor and balance blood glucose

levels manually, by maintaining a well-balanced diet, and exogenous insulin administration [10, 11].

However, for patients with severe complications, it is no longer feasible to only treat the symptoms, but

the underlying problem of the destroyed β-cells needs to be treated. One of the treatments to replace

pancreatic β-cells is to perform a vascularized pancreas transplantation [12]. These transplantations have

shown to improve glycemic control for all recipients, and in 45% of the recipients, long term insulin

independence [13], but come at the cost of a severe operation and a lifelong immunosuppression treatment

[12, 14, 15, 16]. Unfortunately, there is a declining availability of transplantable donor pancreata, as less

postmortem organ donors meet the strict criteria (to minimize the risk of graft failure) for organ donations

[17, 18].

To overcome the shortage in available organs, an alternative β-cell replacement therapy has been

developed that can make use of an additional pool of organs (deemed unsuitable for vascularized pancreas

transplantations), and thus increasing the total amount of available organs for transplantation: Pancreatic

islet transplantations [19, 20]. In this treatment, only the pancreatic islets, containing the β-cells, are

transplanted through infusion into the patient’s liver, where they settle and regain function [21, 22]. This

treatment has proven over the years, to improve the quality of life for patients by improving glycemic

control and for a portion of the recipients to gain insulin independence (∼44% of recipients are insulin

independent after 3 years) [21, 22, 23, 24]. Before pancreatic islets can be transplanted however, they

first need to be separated from the exocrine tissue (roughly 99% of the pancreas is exocrine tissue, the

remaining 1% are pancreatic islets [25, 26]) through a pancreatic islet isolation procedure. In this lengthy,
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manual, multi-step procedure, in a cleanroom facility, the pancreatic islets are isolated from the exocrine

tissue with the use of a density gradient [27].

In an effort to make pancreatic islet transplantations more accessible for everyone, researchers from

the Leiden University Medical Center (LUMC) have developed a prototype machine, shown in figure

C.8, which largely automates the pancreatic islet isolation procedure: PancReatic Islet Separation Method

(PRISM) [28]. The aims of the PRISM project are faster pancreatic islet isolation procedures requiring

less personnel, while maintaining sterility and pancreatic islet yield and viability, by applying more

automation in the process. A validation study of the PRISM prototype, called PRISM 1.0, has proven the

concept to work, as the pancreatic islet yield and viability has remained similar to the manual isolation

procedure.

Figure 1.1: Overview of the PRISM isolation process [28]. A: Pancreatic tissue is digested using a Ricordi
chamber and a mixture of enzymes which break down collagen. B: Enzymes are deactivated by cooling
and addition of human serum, followed by the tissue then being collected in a continuous flow centrifuge.
After which it is washed with ringer acetate. D: The fluids are replaced and the tissue is then soaked
in University of Wisconsin (UW) preservation solution. E: With the creation of a density gradient, the
pancreatic islets are isolated from the exocrine tissue and collected in flasks.

The working principles of this automated isolation method, which are best understood with the use of

figure 1.3, in which the process is schematically depicted, are as follows:

A) Digestion phase - A pancreas (from either allogeneic or autologous origin) is received and infused

with a mixture of collagenase and neutral protease enzymes, which, together with the mechanical

friction of the steel beads in the Ricordi chamber, break down the tissue to cell clusters. While this

is going on, samples are taken and stained with Dithizone (DTZ), to judge the size and morphology

of the tissue, to evaluate when to stop the digestion phase. To allow the enzymes to do their work,

the digestion fluid mixture is kept at 37◦ and circulated at 200 ml/min.

B) Dilution phase - This phase makes use of a 225ml continuous flow Latham bowl centrifuge, in

which the incoming fluids are deposited at the bottom of the bowl and the outgoing fluids leave
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at the top, because the centrifuge spins this bowl, the centrifugal forces cause the heavier tissue

and fluids to stay in the bowl and the lighter fluids to exit at the top. Once the tissue has been

judged to be sufficiently digested, the mixture leaves the digestion loop at 200 ml/min, and flows

through a heat exchanger to the continuous flow centrifuge, where it is collected in a Latham bowl.

By passing through the heat exchanger, the fluids are cooled to a temperature below 7◦C, which,

together with the added human serum, reduces the activity of the enzymes and stops the digestion,

after which it is washed with ringer acetate.

D) Soaking phase - In this phase the fluids in the Latham bowl are replaced with University of

Wisconsin (UW) preservation solution which maintains or enhances the specific densities of both

exocrine tissue and the pancreatic islets [29, 30]

E) Density gradient - After a sufficient period, the separation of the pancreatic islets and the exocrine

tissue happens through the use of a density gradient. This can be done because the density of each

of the tissues involved is different, dead tissue has a density around 1.045 kg/m3, pancreatic islets

have a density between 1.06 and 1.08 kg/m3, and exocrine tissue has a density between 1.11 and

1.35 kg/m3. The density gradient itself is established by mixing UW preservation solution (with a

density of 1.045 kg/m3) with Xenetix 350 (which has a density of 1.409kg/m3), to create a gradient

that rises from 1.045 kg/m3 to 1.17kg/m3. As explained before, the working of the Latham bowl

causes the lightest fluids to leave the continuous flow centrifuge first, which allows the pancreatic

islets to be collected in separate flasks from the exocrine tissue. To evaluate the purity of the

tissue in each of the collection flasks, samples are taken which, after being stained with DTZ, are

examined with a microscope.

Figure 1.2: Microscopy pictures of tissue samples containing pancreatic islets and exocrine tissue. Left:
Sample is unstained, difficult to differentiate between pancreatic islets and exocrine tissue. Right: Four
sample which are stained with Dithizone (DTZ), which stains the pancreatic islets red, leaving the
exocrine tissue yellow (due to lighting). This allows for differentiation between tissue types. Pictures are
unpublished own data taken using a Carl Zeiss Axiovert 25 microscope.

While PRISM 1.0 has yielded good results, some smaller and larger area’s for improvement have

been identified. One of these larger area’s for improvement, is the lack of the ability to identify pancreatic

islets from exocrine tissue without destroying them. Because there visibly is very little difference between

pancreatic islets and exocrine tissue, the golden standard is to take samples and stain the tissue with a
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zinc chelating agent called Dithizone (DTZ), which interacts with the increased amount of zinc in the

insulin producing β-cells [31, 32]. An example of difference between stained and unstained pancreatic

islets can be seen in figure 1.2. While this method works well in the identification of pancreatic islets,

DTZ is, unfortunately, cytotoxic, which results in this tissue no longer being available for transplantation

purposes [33, 34]. Another larger area for improvement has to do with the limited size of the Latham

bowl, which unfortunately has a maximum size of 225 ml. During the validation studies of PRISM

1.0, it has been observed that the amount of tissue from large pancreata cause a crowding effect in the

Latham bowl. Which leads, during the density gradient, to a disruption of the density gradient and

has a detrimental effect on the outcome of the pancreatic islet isolation. A possible solution for this

problem, is to split up the tissue and perform two sequential density gradients, this, however, adds more

time to the pancreatic islet isolation process. Additionally, the sequential density gradients have shown

to have a, yet unexplained, difference in isolation outcomes, making it difficult to fully control this process.

Figure 1.3: Overview of thesis subjects. For the development of PRISM 2.0 various topics and tasks
needed to be performed. This overview visualizes the relations between the different topics. The pancreatic
islet identification and process validation and optimization topics have been included in the thesis, and the
risk analysis and design topics are shown in appendix c.

This ultimately led to the decision to develop a second version of the PRISM machine, which can

overcome the shortcomings of the first device. The development of PRISM 2.0 will be the main topic

of this thesis, but due to the large number of different subjects which are involved in the development

process, choices have been made to include only a limited number of subjects in the thesis. A schematic

overview of the subjects, and how they relate to each other, is seen in figure 1.3, and shows four different

topics that have been investigated and worked on. From these topics, the pancreatic islet identification and

process validation and optimization have been included in the thesis, and the other two subjects which

revolve around the risk analysis and the design, are briefly covered in appendix C. Which leads to the

topics containing the following content:
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Included in thesis:

• Pancreatic islet identification - Due to the aforementioned cytotoxic nature of DTZ, all of the

tissue samples taken during the pancreatic islet isolation process, cannot be used for transplantation

purposes. Therefore, there is a need for the ability to differentiate between pancreatic islets and

exocrine tissue in a label free and non-destructive manner, which can be applied in the PRISM

environment (in- or on- line). Results from the literature study have shown optical absorption

spectroscopy and electrical impedance spectroscopy to be methods that have the potential to be

used for this application. This has led to the following research question and hypothesis:

– Research question: Are there exploitable optical and/or electrical property differences be-

tween pancreatic islets and exocrine tissue?

– Hypothesis: A difference in cell composition between pancreatic islets and exocrine tis-

sue, will lead to measurable differences in optical absorption spectroscopy and/or electrical

impedance spectroscopy.

Therefore, novel research will be conducted in which the optical absorption and electrical impedance

spectra of pancreatic islets and exocrine tissue will be investigated.

• Process validation and optimization - Before the development of PRISM 2.0 can be started, a

decision as to be made on how to overcome the limitations by the size of the Latham bowl. To look

into this the following research question and hypothesis were created:

– Research question: Can optimization of the controllable variables during the density gradient

process, lead to a more consistent creation of sequential and/or simultaneous density gradients,

in order to solve the Latham bowl size limitations during pancreatic islet isolations?

– Hypothesis: By further examining the processes to create sequential and simultaneous density

gradients, the expectation is that this will lead to a robust and reliable solution to create said

density gradients, aimed at solving the 225 ml Latham bowl size limit.

Therefore, an initial research will be started to explore both options for development which ul-

timately should lead to the development of a process that can be used during pancreatic islet

isolations.

Included in appendix C:

• Risk Analysis - Once the development of PRISM 2.0 starts to take shape and the process is

determined, risk analyses will have to be performed to evaluate the design plans. From these risk

analyses topics will arise that require further research or validation or possibly redesign. In this

section the main findings from this process will be shown.

• Design - After the pancreatic isolation process was determined, the new machine needed to be

designed, incorporating the lessons learned from PRISM 1.0. An overview of some of the iterative

steps that have been taken to come to a final design have been included in this section.
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CHAPTER 2

Methodology

Some of the experiments in this thesis have required the use of human cadaveric pancreatic tissue

(pancreatic islets and exocrine tissue). The pancreas, from which the tissue is derived, was procured

through a multiorgan donor program. This organ was used only if the pancreas could not be used for

clinical pancreas or islet transplantation, according to national laws, and if research consent was present.

Additionally, care has been taken to minimize amount of needed tissue, allowing for maximum research

benefit. The experiments were performed in accordance to the local Good Laboratory Practice (GLP)

guidelines.

2.1 Pancreatic islet identification

2.1.1 Optical absorption spectroscopy

Equipment

The experiment was conducted using a SpectraMax i3x device, which is capable of performing an optical

absorption spectroscopy procedure between wavelengths of 230nm and 1000nm. The lower end of the

spectrum, which is slightly in the ultra violet range, will not be usable, because the Nunc Maxisorp 96

well plates, used in the Leiden University Medical Center (LUMC), absorb the light spectrum below

290nm [35], the absorption spectrum of this plate can be seen in figure A.1. To verify the distribution of

the tissue in the wells, a Carl Zeiss Axiovert 25 microscope was used and, to verify the density of the

heavy solution the DMA 35 density meter from Anton Paar was used.

Materials

For this experiment, pancreatic islets with an Islet EQuivalent (IEQ) of 20.000 and a purity of 99% were

used, which were released after a 24 hour culture period in CMRL1066 culture medium with additives1.

Additionally, 1 ml of exocrine tissue was available, which was also cultured for 24 hours in CMRL (5%

HS)+P/S culture medium. During the experiment, both the pancreatic islets and exocrine tissue were

submerged in two different fluids, culture medium CMRL10661 and Phosphate-buffered Saline (PBS).

An article published by Silva et al. [36], shows, in figure A.2, the transmission spectra of PBS and various

culture media, which absorb the light at different wavelengths. To avoid our culture medium (which is not

1The list of additives for this culture medium can be seen in appendix B.1.
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mentioned in the article) from interfering with the results of the experiment, the pancreatic islets were

also submerged in PBS. Furthermore, other fluids, which are used during pancreatic islet isolations using

the PancReatic Islet Separation Method (PRISM), were also tested to examine their optical absorption

spectrum: University of Wisconsin (UW) preservation solution, Xenetix 350 and Ringer acetate.

Protocol

Figure 2.1: The layout of the conditions on a 96 wells plate for the optical spectroscopy absorption
protocol.

Preparation

The 96 well plate which was used for this experiment was filled according to the conditions shown in

figure 2.1 with a total of 200µl in each well. Before the pancreatic islets and exocrine tissue could be

placed in a well, half of the tissue first had to be washed and the fluids replaced by PBS. Once this was

finished, the allotted amount of tissue could be deposited in the indicated wells and the fluid levels had

to be filled to a total amount of 200µl, with CMRL1066 culture medium and PBS respectively. Once

done, the UW and Xenetix 350 mixture had to be prepared by combining them to obtain a density of

1.17kg/m3, which can be checked with the density meter. Lastly, the remaining wells need to be filled with

200µl of PBS, ringer acetate, UW preservation solution and a mixture of UW and Xenetix 350 respectively.

Measurements

Finally, the measurements are taken by entering the plate into the SpectraMax i3x device. After

adjusting the settings to the right 96 well plate, to handle optical differences, the device automatically

followed with measurements of the light spectrum between the wavelengths of 230nm and 1000nm.

Data acquisition

The Spectramax i3x automatically collected the data after every measurement in an Excel file. To further

analyze the data and create figures, MATLAB was used.
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2.1.2 Electrical impedance spectroscopy

Equipment

The experiment was performed with the use of an Applied BioPhysics ECIS model Z Θ, a device capable

of performing electrical impedance spectroscopy in the ranges between 250 Hz and 64000 Hz. To run, the

ECIS model ZΘ uses 96 well plate with integrated electrodes from Applied BioPhysics (96W20idf). In

order to evaluate sufficient coverage of the electrodes with the tissue, a Carl Zeiss Axiovert 25 microscope

was used. And lastly, to measure the heavy solution, the DMA 35 density meter from Anton Paar was

used.

Materials

Pancreatic islets with an IEQ of 30.000 and a purity of 80% were available for this experiment, which were

released after a 24 hour culturing period in CMRL1066 culture medium with additives2. A culture bag

containing 1 ml of exocrine tissue was also available after an being cultured for 24 hours in CMRL (5%

HS)+P/S. The remaining fluids which are needed for this experiment are: CMRL10661 culture medium,

PBS, UW preservation solution and Xenetix 350.

Protocol

Figure 2.2: The layout of the conditions on a 96 wells plate for the electrical impedance protocol.

Preparation
Before the plate could be filled, it first needed to be cleaned and calibrated. This was done by filling

all wells that were going to be used with 200 µl of CMRL 1066 culture medium, and entering the plate

in the ECIS model ZΘ machine. The device then followed a 30 minutes stabilization protocol before

it reached an equilibrium. The initial values for each well were then used to correct for any possible

deviations from what the machine expected.

2The list of additives for this culture medium can be seen in appendix B.1.
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Figure 2.3: Pancreatic islets deposited on

electrodes in 96 well plate. Picture is taken

using a Carl Zeiss Axiovert 25 using 10x

magnification.

Once calibrated and cleaned, the plate was ex-

tracted from the machine and filled with the condi-

tions as outlined in figure 2.2 to a total amount of 200

µl per well. The pancreatic islets and exocrine tis-

sue were then extracted from the culture bags and de-

posited in the wells according to the outlined condi-

tions. The wells were then topped off with culture

medium to reach the appropriate volume. The wells

then had to be checked to make sure the electrodes

are properly covered by tissue and are connected to

each other, an example of this can be seen in figure

2.3.

Next, the heavy mixture needed to be prepared, by com-

bining UW preservation solution and Xenetix 350 to reach a density of 1.065 kg/m3, and was added to the

culture plate. The remaining empty fluids, CMRL 1066 culture medium, UW preservation solution and

Xenetix 350 then needed to be added to culture plate in accordance with the outlined conditions. Due

to the ECIS model ZΘ operating at a temperature of 37◦C, the plate needed to be outlined by a ring of

wells filled with PBS, in order to avoid the other fluids from evaporating. The plate then had to rest for 30

minutes to allow the cells to settle and adhere to the electrodes on the bottom of the culture plate. This is

to avoid a potential updraft in the wells, caused by the temperature difference between the ECIS model

ZΘ and room temperature fluids, which can deposit the tissue on the outside of the well, away from the

electrodes.

Measurements
Once the plate is entered, the ECIS Model ZΘ takes a measurement of each of the calibrated wells

and adjusts the values accordingly. After this the device starts the spectrum analysis of the set frequencies,

and continues to repeat this for the set amount of time.

Data acquisition

The ECIS Model ZΘ stores the resulting measurements in its own software environment for analysis.

There is an option for data exportation using Excel files to other programs, such as MATLAB which was

used in the creation of the graphs.

2.2 Process validation and optimization

2.2.1 Exploring sequential and simultaneous density gradients

Equipment

PRISM 1.0 has been used to create a density gradient, due to its capability of programming specific pump

and centrifuge speeds at different time intervals. The continuous flow centrifuge, which is used in PRISM

is part of the LivaNova Xtra autotransfusion system and uses the 225 ml Xtra Bowl. For the experiments
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in which a simultaneous gradient was built, due to the lack of a second LivaNova system, the predecessor

of the autotransfusion system, the Dideco Electa, was used. This device is capable of manually setting

the rotational speed of the centrifuge to match the setting for PRISM 1.0. This system makes use of a

similar 225 ml bowl, which should internally be equal to the LivaNova Xtra bowl. The used pump motors

are from Masterflex and made use of the Masterflex Easy-Load 2 peristaltic pump heads. The tubing

set for a single gradient consisted of Masterflex Platinum Cured Silicon tubing (in sizes L/S 13, L/S 14

and L/S 16), a BD microlance injection needle 23G was used for the heavy solution injection. For the

simultaneous density gradients, it was sufficient to duplicate the tubing set and service both centrifuges.

The liquids are collected in 15 ml conical tubes and measured with an Anton Paar DMA 35 density meter.

Materials

The fluids that have been used to build the density gradients are UW preservation solution, with a density

of 1.045 kg/m3, and Xenetix 350, with a density of 1.409 kg/m3. To avoid the use of tissue in the

sequential density gradient experiments, density beads of various colors have been used: green and orange

density beads representing dead tissue (∼1.035 kg/m3), blue and purple beads representing pancreatic

islets (∼1.06 - 1.08 kg/m3), red beads representing exocrine tissue (∼1.11 kg/m3) and blue beads to

visualize the heavy mixture (∼1.14 kg/m3).

Figure 2.4: Schematic overview of the tubing connections for sequential (left) and simultaneous (right)
gradients.

Protocol

Preparation
The tubing set first needed to be autoclaved at 121◦C and dried to prevent any residual fluids from

remaining in the tubing. Meanwhile, 500 ml of the heavy solution, which consists of UW preservation

solution and Xenetix 350 with a combined density of 1.17 kg/m3, was prepared and transferred to a culture

bag. Once this was finished the tubing set was placed in PRISM according to the schematic in figure 2.4,

and connected to the two culture bags and the Xtra bowl in the centrifuge.
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Measurements
For each of the gradients that had to be created, the PRISM software automatically adjusted the

pumping and centrifuge speeds, in accordance to a previously developed protocol, to create a density

gradient which rose slowly from 1.045 kg/m3 to 1.17 kg/m3. To measure the density, the fluids had to

be collected in conical tubes with a sampling size of 13 ml, after reaching a maximum volume of 225

ml in the Xtra centrifuge bowl, after which the simultaneous density gradient experiment is finished.

However, during the sequential gradient experiments, the tubing had to be reused to simulate the real

situation. Therefore, with use of the pumping system, it was needed to empty the residual fluids of the Xtra

centrifuge bowl. When this was finished, a new density gradient protocol was started up and commenced

as described before.

Data acquisition

For equal comparison between various conditions, the fluids were allowed to heat up to room temperature

before measurements were taken. While this slightly alters the density, it will be the same deviation for

each of the measured conditions. To ensure the solution in the conical tubes was properly mixed, it was

shaken a few times before the measurements were taken. The resulting values were ultimately taken using

the Anton Paar DMA 35 density meter and stored in an Excel file, and finally processed with MATLAB.

2.2.2 Tubing

Equipment

This experiment required a tubing set consisting of either Masterflex L/S 14 platinum cured silicon tubing,

or Masterflex L/S 14 Puri-Flex tubing, which were connected with the use of Masterflex luer connections

to a culture bag. The pump that was used is a Masterflex Variable-Speed Drive with a maximum RPM of

600, with a Masterflex Easy-Load 2 peristaltic pump head attached. To measure the output volumes, two

500 ml flasks are needed which are weighed by a Sartorius VWR-1502 scale.

Materials

The experiment was conducted using water.

Protocol

Preparation
The tubing was prepared by autoclaving it at 121 ◦C after which it was allowed to dry. Depending on

the treatment protocol that had to be tested, the tubing was connected to either a culture bag with water, or

air, and to the pump according to figure 2.5.

In this experiment the baseline needed to be created using platinum cured silicon tubing without any

treatment, which is how the tubing was normally used. The remaining protocol tests were performed on

the Puri-Flex tubing which received the following treatments: rolled in with water for 15 minutes, rolled

in with water for 30 minutes and rolled in with air for 30 minutes. Which can be achieved by circulating

either water or air for 15 or 30 minutes through the tubing at a speed of 175 RPM ( 30% pump rotational
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Figure 2.5: Schematic overview of the tubing connections for the validation of the Puri-Flex tubes and the
preparation protocol.

speed).

Measurements
The first measurements taken were from the empty flasks, to correct further results for an offset in

weight between the two. This was followed by pumping liquid at 40 ml/min (175 rpm) to both flasks.

Weight measurements of both flasks were taken when flask 1 reached a volume of 10, 50, 100, 150, 200

and 250 ml. The difference in weight between the two flasks was indicative of the volume difference.

Data acquisition

The data was read from the scale and corrected for the base weight of both flasks. The results have been

stored in Excel and processed in MATLAB.

2.2.3 Pump validation

Equipment

The experiments have mainly been performed with the use of newly developed motors from the de-

velopment department of the LUMC. The Masterflex pump drives from PRISM 1 were also used for

comparison. Both the motors made use of the Masterflex Easy-Load 2 peristaltic pump heads for the

displacement of liquids. The tubing used in these experiments consisted of Masterflex Puri-Flex tubing

with sizes L/S 13 and L/S 14, and Masterflex Platinum cured silicon tubing with size L/S 25, which are

capable of achieving a flow of 36 ml/min, 130 ml/min and 1000ml/min at 540 RPM respectively. The

displaced water was collected in a flask and measured with a Sartorius VWR-1502 scale. To evaluate the

rotational speed of the pump heads, a Testo 465 optical tachometer was used.

Materials

The experiments have been performed with the use of water.
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Protocol

Preparation
The tubing needed to be autoclaved at 121 ◦C and then dried to clear any residual liquids. The tubing

was connected according to figure 2.6, and consisted of two equal length tubes of Puri-Flex L/S 13 or

L/S 14, or platinum cured silicon L/S 25. The tubing was then rolled in for 30 minutes at 175 RPM, to

increase the accuracy of the tubing.

Figure 2.6: Schematic overview of the tubing connections for the validation of the developed pumps.

Measurements The first measurements taken were from the empty collection flask to be able to correct

for the empty weight. The rotational speed of the pump was gradually increased from 3% to 100% of the

maximum rotational speed of 540 RPM, to evaluate the characteristics of the pump over the full range.

For every point the pump was allowed to work for 2 minutes at a time in order to diminish potential effects

of the switch on and switch off behavior. After these 2 minutes the displaced volume in the flask was

weighed and emptied.

Data acquisition

The data was measured using the Sartorius VWR-1502 scale and collected in Excel, after which MATLAB

has been used to process the data.

2.2.4 Simultaneous density gradient validation

Equipment

The pump system that was used is part of the PRISM 1 system, due to its capability of following a

programmed protocol, and adjusting the pump speeds accordingly. The pump drives are from Masterflex

and made use of Easy-Load 2 peristaltic pump heads which can each fit two tubes. To create simultaneous

density gradients, two continuous flow centrifuges had to be used, one was available in PRISM 1, which

is from a LivaNova XTRA autotransfusion system, and the other is from the Dideco Electa, which is a

predecessor to the LivaNova system. The centrifuges made use of a disposable Latham bowl in which

the fluids are contained, which, for the LivaNova system, is the 225 ml Xtra bowl, and for the Dideco

system is the BT225 Latham bowl, which is internally equal to the LivaNova bowl. To connect everything,

a tubing set made from Masterflex Puri-Flex tubing, containing sizes L/S 13, L/S 14 and L/S 16, was

used which was equal in length for both the centrifuges. To ensure the used fluids are mixed, the heavy
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component was injected through a 23G BD microlance injection needle. Ultimately, the collected liquids

from the density gradients are collected in 15 ml conical tubes and measured with an Anton Paar 35

density meter.

Materials

The fluids that were used to build the density gradients were UW preservation solution, with a density of

1.045 kg/m3, and Xenetix 350, with a density of 1.409 kg/m3.

Figure 2.7: Schematic overview of the tubing connections for the validation of the simultaneous density
gradients.

Protocol

Preparation

Before the tubing set could be used, it had to be autoclaved at 121◦C and then dried to prevent from

any fluids from remaining in the tubing. The only liquid that needed to be prepared was the heavy mixture,

which needs to be a 1 liter with a density of 1.17 kg/m3, and consists of UW preservation solution and

Xenetix 350. After preparing the fluids, they could then be attached to the tubing set and installed in the

machines, as outlined in figure 2.7. This was then followed by a 30 minute rolling in treatment of the

tubing set, to increase the accuracy of the tubing.

Measurements

After all the preparations were done, the density gradient protocol was started, in which the PRISM

software automatically adjusted the pumping speeds and started the centrifuge at 1500 RPM. As soon as

the centrifuge bowl of PRISM started spinning, the centrifuge from the Electa Dideco needed to be started

at the same speed as well. The software slowly built up the density gradient from 1.045 kg/m3 to 1.17
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kg/m3.Once the centrifuge bowls were full, the fluid mixture exited the system and had to be collected in

the tubes for measurement.

Data acquisition

The tubes containing the liquids from the density gradient were allowed to heat up to room temperature,

in order to have equal conditions across all measurements. The measurements were taken using an Anton

Paar DMA 35 density meter after slightly shaking the tube to ensure the mixture within is mixed. The

results were then entered in Excel and processed using MATLAB.
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CHAPTER 3

Results

3.1 Pancreatic islet identification

3.1.1 Optical absorption spectroscopy

A potential method to use for pancreatic islet identification is optical absorption spectroscopy, by exploring

the spectrum of pancreatic islets and exocrine tissue, an estimation can be made on whether or not the

differences in composition between the tissues, leads to a difference in optical properties. Two experiments

have been performed to investigate the optical absorption spectrum, more were intended, but unfortunately

the Spectramax i3x broke down and made further experiments impossible. The two conducted optical

absorption spectroscopy experiments are shown separately, due to differences in their resulting values.

Optical absorption spectroscopy experiment 1

To create a baseline against which the tissue can be measured, the first step was to evaluate the culture plate

and empty fluids, which are used in the PancReatic Islet Separation Method (PRISM), these results can be

seen in figure 3.1. The output from the Spectramax i3x shows the transmittance rather than absorbance,

but these values are closely linked to each other. This figure shows that all the light below a wavelength of

290 nm is absorbed by the culture plate in combination with each of the fluids. While most fluids then

allow light to pass through, the University of Wisconsin (UW) preservation solution and heavy mixture

continues to absorb light until a wavelength of 340 nm. From around 400 nm until 900 nm, each of the

conditions has a transmittance of around 93%. Which is followed by a little dip in the transmittance values

for each of the conditions.

This was followed by measurements of the pancreatic islets and exocrine tissue in Phosphate Buffered

Saline (PBS) and culture medium. However, due to irregularities in the preparation phase, only the results

with culture medium have been included in the results section, the results from the PBS measurements

can be found in Appendix A.1.1.

Figure 3.2 shows the measurements of pancreatic islets and exocrine tissue submerged in culture

medium. Once the culture medium allows the transmittance of light at 290 nm wavelength, the exocrine

tissue’s transmittance rises quickly. After reaching a wavelength 340 nm, the culture medium levels off

and the exocrine tissue shows to have a gradual rise of transmittance up till a wavelength of 900 nm. The
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pancreatic islets do not have the initial steep rise of transmittance after reaching a wavelength of 290 nm,

but show to have a more gradual rise with increasing wavelengths. This results in a lower transmittance,

especially in the region between 290 nm and 600 nm. The measurements of the 2000 Islet EQuivalent

(IEQ) condition of the pancreatic islets have a large deviation across the spectrum, but the median is

in-between the other two conditions. Additionally, the results show that with an increase in tissue in the

well, the amount of transmittance measured decreases.

To allow for easier comparison, the results of the pancreatic islets and exocrine tissue have been

combined in figure 3.3. The top graph in this figure shows the mean values of the measurements, and

shows the pancreatic islets generally have a lower transmittance than their same IEQ counterpart of

exocrine tissue. In the bottom graph the difference in transmittance between equal conditions is depicted,

and shows a changing difference over the spectrum. The difference starts out with a maximum around a

wavelength of 330 nm and gradually decreases with a rise in wavelength.

Figure 3.1: Experiment 1: The transmission spectrum of the fluids used in PRISM without any tissue to
provide a baseline. The error bars represent the standard deviation of the performed measurements.
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Figure 3.2: Experiment 1: The transmission spectrum of exocrine tissue (top) and pancreatic islets
(bottom) suspended in culture medium. The error bars represent the standard deviation of the performed
measurements.

19



Figure 3.3: Experiment 1: Comparison between pancreatic islets and exocrine tissue suspended in culture
medium. Top graph shows the mean transmittance of each condition and the bottom graph shows the
difference between conditions (transmittance pancreatic islet - transmittance exocrine tissue).
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Optical absorption spectroscopy experiment 2

The second experiment had a similar set up to the first, but was limited to measuring the tissue in culture

medium only, in order to facilitate a higher number of measured conditions. To create a frame of reference

for further measurements, this experiment started out with a spectrum analysis of the empty fluids, which

can be seen in figure 3.4. Similar to experiment 1, the UW and ringer conditions start allowing light to

pass through at a wavelength of 290nm, and the heavy mixture at a wavelength of 340 nm. However, the

culture medium shows an increased amount of variability between the measurements and has, compared

to the previous experiment, a lower overall transmittance value.

The measurements of the exocrine tissue and pancreatic islets can be seen in figure 3.5, and shows that

for each of the conditions there was a larger variability between the measurements. In contrast with the first

experiment, the resulting transmittance values of the exocrine tissue are lower than those of the pancreatic

islets and only show a gradual rise in transmittance with a higher wavelength. The pancreatic islets

initially show the steeper rise around a wavelength of 330-350 nm, after which the transmittance gradually

rises for the remainder of the spectrum. Similar to the first experiment, a difference in transmittance is

observed that is dependent on the amount of tissue present in the well.

Ultimately the mean results of the pancreatic islets and exocrine tissue are plotted in figure 3.6, to

allow for easier comparison. The results in the top graph show that the pancreatic islets allow for more

transmittance of the light compared with the equal conditions of exocrine tissue. The bottom graph shows

the associated difference in transmittance (transmittance value of pancreatic islets minus the value of

exocrine tissue) between the conditions. This graph shows a gradual increase of the difference between

the two conditions for the 2000 IEQ and 4000 IEQ lines. However, for the 1000 IEQ line this difference

shows to be somewhat stationary across the spectrum.
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Figure 3.4: Experiment 2: The transmission spectrum of the fluids used in PRISM without any tissue to
provide a baseline. The error bars represent the standard deviation of the performed measurements.
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Figure 3.5: Experiment 2: The transmission spectrum of exocrine tissue (top) and pancreatic islets
(bottom) suspended in culture medium. The error bars represent the standard deviation of the performed
measurements.
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Figure 3.6: Experiment 2: Comparison between pancreatic islets and exocrine tissue suspended in culture
medium. Top graph shows the mean transmittance of each condition and the bottom graph shows the
difference between conditions (transmittance pancreatic islet - transmittance exocrine tissue).
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3.1.2 Electrical impedance spectroscopy

With the exploration of the electrical impedance spectrum of pancreatic islets and exocrine tissue, potential

differences in electrical properties of these tissues can be determined, which in turn could be used for

identification purposes. In order to create a frame of reference during these measurements, the spectral

analysis was first performed on empty fluids, which is shown in figure 3.7. Looking at the top graph of

this figure, this graph shows that at lower frequencies all three fluids have similar impedance values, and

only begin to diverge from each other at 2000 Hz, and reach a maximum difference at 64000 Hz. The

resulting values of each of the conditions has remained fairly stable throughout the measurements, with

an average standard deviation 8 Ω. Because the divergence is at its maximum at 64000 Hz, the bottom

graph shows the boxplot data of the impedance measurements at this frequency for better comparison.

This was followed with measurements of various conditions of pancreatic islets and exocrine tissue.

The results, which can be seen in figure 3.8 and figure 3.9, show, in the top graphs, a similar spectral

behavior between both types of tissue. Initially, the impedance values of both types of tissue follow

the same slope while decreasing in impedance with an increase of frequency, and do not show to have

much difference in-between conditions. However, from a frequency of 8000 and higher, the impedance

values start to level off and start to diverge between conditions, with a maximum divergence at 64000 Hz.

Therefore, the bottom graph of both figures shows a boxplot of the impedance values at 64000 Hz. The

measurements for each of the conditions have been fairly stable but show an increase in of impedance

values for an increased amount of tissue in the well.

Finally, to allow for easier comparison, the results at 64000 Hz have been combined in figure 3.10.

This graph shows the measured conditions of pancreatic islets to have a lower impedance value than the

conditions of exocrine tissue. However, the conditions with a high number of pancreatic islets overlap

with the impedance values from exocrine tissue.
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Figure 3.7: Electrical Impedance measurements of empty fluids. Top graph shows the spectrum (in double
logarithmic scale) of empty fluids with error bars representing the standard deviation of the performed
measurements. The bottom boxplots show the impedance measurements at a frequency of 64000 Hz.
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Figure 3.8: Electrical Impedance measurements of pancreatic islets. Top graph shows the spectrum (in
double logarithmic scale) of pancreatic islets with error bars representing the standard deviation of the
performed measurements. The bottom boxplots show the impedance measurements at a frequency of
64000 Hz.
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Figure 3.9: Electrical Impedance measurements of exocrine tissue. Top graph shows the spectrum (in
double logarithmic scale) of exocrine tissue with error bars representing the standard deviation of the
performed measurements. The bottom boxplots show the impedance measurements at a frequency of
64000 Hz.
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Figure 3.10: Comparison between electrical impedance measurements of pancreatic islets and exocrine
tissue at a frequency of 64000 Hz.
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3.2 Process validation and optimization

3.2.1 Exploring sequential and simultaneous density gradients

In order to find a possible solution for the limitations introduced by the limited size of the Latham bowls,

the following research question and hypothesis were established:

• Research question: Can optimization of the controllable variables during the density gradient

process, lead to a more consistent creation of sequential and/or simultaneous density gradients, in

order to solve the Latham bowl size limitations during pancreatic islet isolations?

• Hypothesis: By further examining the processes to create sequential and simultaneous density

gradients, the expectation is that this will lead to a robust and reliable solution to create said density

gradients, aimed at solving the 225 ml Latham bowl size limit.

To evaluate the hypothesis, the sequential density gradients were investigated first, the results of these

experiments are shown in figure 3.11, and show a different starting position for each of the three density

gradients. For the first experiment the density gradient was built in a clean and empty set of tubing,

which resulted in a starting density of 1.043 kg/m3. In contrast, the second gradient is build on the little

remaining fluids from the first gradient and shows to have a starting density of 1.067 kg/m3. In the third

gradient the situation of gradient 2 was attempted to be recreated in a clean tubing set and starts with an

initial value of 1.055 kg/m3. The starting point of the density gradients has an effect over the initial phase

of the gradient and the results only start to converge at around 390 ml.

To visualize the impact the gradients have on the separation of tissue, density beads have been added

to this experiment, figure 3.12 shows the separated density beads in fractions 1 to 10 for each of the

gradients, the full image can be seen in figure A.5. One of the main noteworthy observations in this figure

is the different composition of the density beads in the initial 4 tubes. Gradient 1, which is the density

gradient in the clean set, shows the first tube on the left to contain only orange and green beads (which

represent dead tissue) and is followed by two almost empty tubes. In comparison, gradient 2, which is

has a different starting density as indicated before, shows a large number of beads in the first container,

among which are orange, green, blue and purple (the last two colors represent pancreatic islets). With a

starting density in between the first two gradients, gradient 3 again shows to be halfway in-between the

other two. The first tube still has orange and green beads visible, but already contains some purple and

blue beads, however, not as densely packed as in gradient 2. The tubing that follows the initial one also

shows to contain purple and blue beads, which represent pancreatic islets.

The sequential density gradients were followed by two experiments in which two simultaneous density

gradients were made, the results of which can be seen in figure 3.13. The goal with simultaneous density

gradients is for both of the gradients to follow the exact same gradient and therefore have the same

pancreatic islet isolation results. The starting point of both the gradients in each experiment are quite

close to each other, but slowly start to diverge as the amount of fluids that pass-through increases with a

maximum difference of 0.0047 kg/m3 for experiment 1 and 0.0062 kg/m3 for experiment 2. Furthermore,

the experiments end with different amounts of liquid that have been pumped through, the differences

are: 26 ml in experiment 1 and 39ml in experiment 2. With both methods explored, it is clear that both

methods show to have area’s for improvement, a decision for further development will have to be made.
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Figure 3.11: Three sequential density gradients in the same Xtra 225ml bowl, measured at 13 ml intervals.
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Figure 3.12: The tubes contain the first 10 (with number 1 on the left) fractions of 13 ml from the density
gradients as outlined in figure 3.11. The beads each have a specific density and are differently separated
in each of the three gradients. The full picture is shown in figure A.5.
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Figure 3.13: First attempts at building simultaneous density gradients by using two continuous centrifuges
(one from PRISM and one from Electa). Measurements have been taken at 13 ml intervals.
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3.2.2 Tubing

A key factor in performing successful simultaneous density gradients is to have a highly accurate flow

through the tubing. Therefore, the following research question was investigated:

• Research question: Can the standard tubing be used to deliver similar volumes to different contain-

ers using a single peristaltic pump head?

• Hypothesis: A treatment procedure of the tubing before use will lead to more consistent results by

making the tubing more malleable.

The results of the experiments to investigate this research question is shown in figure 3.14. A baseline

measurement is created with the use of untreated platinum cured silicon tubing, which is the current

tubing in PRISM 1.0, and which represents the way the tubing is currently used. The results for this

condition show a high variation and reaches a relatively high volume difference between tubes 1 and 2.

The Puri-Flex tubing which have been rolled with water perform better, especially when treated for 30

minutes, and show to have a lower variation and low difference between the two tubes. The treatment

with air, however, has a higher variation and the highest difference between the two tubes. Ultimately, the

tubing with the lowest variation and difference between the two tubes is the Puri-Flex tubing which has

been rolled with water for 30 minutes. Upon examination of the tubing after each of the conditions, it was

found that the tubing which had a 30 minute treatment with water, had become more pliable where it was

in contact with the pump head.
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Figure 3.14: Differences in tubing treatment protocols, in which the baseline of platinum cured silicon
tubing is compared with Puri-Flex tubing, after receiving a specific treatment. The goal is to achieve a low
variation and a low difference between two tubes.
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3.2.3 Pump validation

In order to create repeatable simultaneous density gradients, it is important that the characteristics of the

developed pumps have a linear progression and accurately match the expected values. Because PRISM 1.0

has previously proven to be capable of creating density gradients, this system has been used as a baseline,

and is shown in figure 3.15. The graph shows the percentage of the maximum rotational speed of the

pump, which is 540 RPM, on the x-axis, and on the y-axis, it shows the percentage of the maximum flow,

which is 36 ml/min for L/S 13 and 130 ml/min for L/S 14. The resulting flow speed initially follows a

near linear rise, followed by a slight bump around 60% and eventually reaches a maximum flow of 95%

of the tubing capability.

The pump system has been tested with three different control methods, voltage control, pulse width

control and a PID controller. The voltage controlled version of the pump has been tested with three types

of tubes, L/S 13, L/S 14 and L/S 25, and the results of this are shown in figure 3.16. The flow in the tubes

is high compared to the expected line for all three conditions, and reaches the indicated maximum flow

rate at around 70% to 80% of the input voltage. At higher pump rotation speeds the flow rates continue to

rise but slowly start to level off. While the variability between the measurements is low, the measurements

do not represent a linear progression.

The second version of the pump which has been tested includes a pulse width controller and has been

tested with the L/S 13 and L/S 14 tubing, the results of which can be seen in figure 3.17. The pulse width

controller creates a more linear characteristic for the pump and shows to have a relatively small variance

across the measurements. The flow rates in the L/S 14 tubing are closer to the expected values and have a

maximum divergence at 70%. The L/S 13 tubing has, however, a higher flow rate than expected at speed

settings, and continues to diverge over the entire range. Additionally, the highest measured value of the

L/S 13 line, which is higher than the maximum indicated value of the tubing, is at 90% rotation speed.

During the experiments, the pump has been observed to show intermittent but steady rotation at lower

RPM.

The third version of the pump includes a PID controller, and has been tested with L/S 13 and L/S 14

tubing, as can be seen in figure 3.18. The characteristics of the pump with the PID controller are similar

to those of the pulse width controller and show similar divergence from the expected value. The L/S 13

line, again, reaches a higher than indicated maximum flow at around 90% pump speed. At lower speeds

the PID controller appears to have difficulty in maintaining a continuous rotation speed, the pump has

been observed to handle the lower RPM ranges in a stop and go fashion.

Because there is still a difference between the expected value and the delivered flow by the pump,

additional measurements have been taken using a digital tachometer, to see if there is a mismatch between

the setpoints and actual values. The results are shown in table 3.1 and show that both methods reach

values close to the setpoints. The PID controller ultimately achieves closer values than the pulse width

controller.

To find what causes the mismatch between the expected flow and the results so far, another test, using
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the PID controller, has been performed in which the pump received a new pump head. In this test only

the L/S 14 tubing has been used, and the results show, in figure 3.19, that the flow speeds equal the

expected values across the range with a low variance. However, an overshoot at 80% speed has been

observed and a slightly lower value for the ultimate flow rate of the L/S 14 line. With the new pump head,

the resulting characteristics of the pump with a PID controller are as expected and show little variance

between measurements.
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Figure 3.15: Linearity of the PRISM 1 pump using L/S 13 and L/S 14 tubing. Results have been
normalized per tubing size to allow for comparison.

RPM measurement
Controller mode

Setpoint RPM Pulse width PID
10 10.2 9.7
15 18.4 14.7
20 21.5 19.9
30 30.6 29.7
50 50.5 49.7
100 99.8 100.2
200 198.2 200.3
300 296.7 299.8
400 397.4 399.7
500 498.8 500.0

Table 3.1: RPM measurement of two different control modes of the developed pump system.
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Figure 3.16: Linearity of the voltage controlled pump system using L/S 13, L/S 14 and L/S 25 tubing.
Results have been normalized per tubing size to allow for comparison.

0 10 20 30 40 50 60 70 80 90 100 110

Percentage of maximum pumping speed (%)

0

10

20

30

40

50

60

70

80

90

100

110

P
er

ce
nt

ag
e 

of
 m

ax
im

um
 fl

ow
 (

%
)

Normalized linearity: Pulse width controller

Expected
L/S 13 (n=6)
L/S 14 (n=4)
Error bar showing STD
Maximum flow for tubing treshhold

Figure 3.17: Linearity of the pulse width controlled pump system using L/S 13 and L/S 14 tubing. Results
have been normalized per tubing size to allow for comparison.
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Figure 3.18: Linearity of the PID controlled pump system using L/S 13 and L/S 14 tubing. Results have
been normalized per tubing size to allow for comparison.
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Figure 3.19: To find the cause of the deviating flow measurements, the PID controlled pump has been
outfitted with a new pump head. Measurements show the resulting values to be close to the expected
values. The linearity plot has been normalized to the tubing to allow for comparison.
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3.2.4 Simultaneous density gradient validation

With the tubing and pump system further examined and lessons learned, the original research question

and hypothesis can now be revisited:

• Research question: Can optimization of the controllable variables during the density gradient

process, lead to a more consistent creation of sequential and/or simultaneous density gradients, in

order to solve the Latham bowl size limitations during pancreatic islet isolations?

• Hypothesis: By further examining the processes to create simultaneous density gradients, the

expectation is that this will lead to a robust and reliable solution to create said density gradients,

aimed at solving the 225 ml Latham bowl size limit.

To evaluate the hypothesis, a series of final experiments can be performed in which the lessons, such as

the pretreatment of the tubing, can be incorporated to create simultaneous density gradients.

The simultaneous density gradients can be seen in figures 3.20, 3.21 and 3.22, and show in the top

graph two density gradients created in the PRISM and Electa continuous flow centrifuges, and in the

bottom graph the difference between the two density gradients. To evaluate the performance of the created

density gradients, the top graph in the figures contains a theoretical line, which represents the input

settings given to PRISM. The results from the first simultaneous density gradient, as shown in figure 3.20,

show that both the gradients quite closely follow the same trajectory, with very little difference between

the two gradients.

The results from the second gradient, which can be seen in figure 3.21, show that the two gradients

initially follow the same gradient, but at 800 seconds, the output from the Electa centrifuge rises in density,

and continues to remain at a higher density value (a difference of approximately 0.75%) than the PRISM

gradient. At around 1300 seconds, the two gradients converge again and resume following the same

trajectory. Around the time of the rise in density (approximately at 800 seconds), the Electra centrifuge

was observed to vibrate heavily, and while attempts were made to re-align the arm of the device to stop

further vibrations, it took a while for the device to stop vibrating.

The third simultaneous density gradient is shown in figure 3.22, and shows the two gradients to

initially follow the same path. But start to slightly diverge around 500 seconds and reaches a maximum

divergence of 0.4% at 1150 seconds after which the two gradients start to converge again.

Finally, figure 3.23 shows the mean and standard deviation of all 6 density gradients, in order to

evaluate the accuracy with which they can be created from experiment to experiment. This graph shows

that the standard deviation lines are close to the mean line across the full gradient. However, there are

two periods in which the standard deviation lines are spread out more. At the start of the gradient, up till

∼75 seconds, there is some spread which converges quickly. And a slight bump in the deviation lines,

starting at 800 seconds, is also observed, which corresponds to the vibrations of the second gradient. In

the bottom graph of figure 3.23, the mean difference between the density gradients is plotted and, apart

from the aforementioned regions, shows to remain below a difference of 0.3%.
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Figure 3.20: Simultaneous density gradients experiment 1, using a PRISM and an Electa continuous flow
centrifuge. Top graph shows the density against the time, bottom graph shows the percentual density
difference between the two gradients.
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Figure 3.21: Simultaneous density gradients experiment 2, using a PRISM and an Electa continuous flow
centrifuge. Top graph shows the density against the time, bottom graph shows the percentual density
difference between the two gradients.
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Figure 3.22: Simultaneous density gradients experiment 3, using a PRISM and an Electa continuous flow
centrifuge. Top graph shows the density against the time, bottom graph shows the percentual density
difference between the two gradients.
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Figure 3.23: Comparison between the simultaneous density gradients. The top graph shows the mean of,
and the deviation from, the density gradients with n=6. The bottom graph shows the mean percentual
difference between the simultaneous density gradients with n=3.
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CHAPTER 4

Discussion

4.1 Pancreatic islet identification

During pancreatic islet isolations there is a need to identify pancreatic islets from exocrine tissue, the

common method to this is to stain the tissue with Dithizone (DTZ). This staining method is, however,

cytotoxic and results in the destruction of transplantable material. Therefore, there is a need to be able to

identify the type of tissue in a non-destructive manner, to this end, the following research question has

been examined:

• Research question: Are there exploitable optical and/or electrical property differences between

pancreatic islets and exocrine tissue?

• Hypothesis: A difference in cell composition between pancreatic islets and exocrine tissue, will

lead to measurable differences in optical absorption spectroscopy and/or electrical impedance

spectroscopy.

To evaluate the research question and the validity of this hypothesis, experiments have been performed to

investigate both the optical absorption and electric impedance spectra.

4.1.1 Optical absorption spectroscopy

To evaluate the performance of the culture plate and the fluids used in PancReatic Islet Separation Method

(PRISM), initial measurements were taken with empty fluids, which are shown in figure 3.1 and figure 3.4.

These graphs show similar behavior for multiple fluids in which the light below a wavelength of 290 nm is

absorbed. conclusion from these measurements is that the absorbance comes from the Nunc Maxisorp 96

well plate that has been used. This is confirmed by a paper from Held et al. [35], in which the transmission

spectra of various culture plates are examined, and the Nunc Maxisorp plates have a high absorbance

value below 290 nm. Additionally, figures 3.1 and 3.4 show that most of the fluids allow for a high light

transmittance across the spectrum with little variability between measurements. There are, however, two

exceptions, the University of Wisconsin (UW) and heavy mixture and the culture medium from the second

experiment. The UW and heavy mixture consists of UW preservation solution and Xenetix 350, an x-ray

contrast agent, which contains a high concentration of iodine molecules. A study by Liu et al. [37], in

which the absorption spectrum of iodine in various solutions is measured, shows an absorption peak for

iodine at around a wavelength of 320 nm, after which it proceeds to allow light to pass through at around
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350 nm, this matches the observed results from the UW heavy mixture. The other fluid with a higher

variability between measurements is the culture medium from experiment 2, which is shown in figure 3.4.

Not only is the variability between measurements higher, the results of the culture medium measurements

are different from experiment 1. One of the additives in the used culture medium (full list in appendix

B.1) is human serum, which is a product from blood donations, and can have an impact on the optical

response of the culture medium, as shown by Silva et al. [36]. Unfortunately, human serum is not a stable

product, as the concentrations and compositions, such as those of fat, can differ between donors and have

been shown to have an effect on the optical spectrum [38, 39].

It has proven difficult to deposit the right amount of tissue in a well to match the required amount of

Islet EQuivalent (IEQ) for the condition, despite calculating the tissue density in the culture bag during

the preparation and checking the results using a microscope. This, unfortunately, lead to differences

between the results of "equal" conditions. For example, 2000 IEQ exocrine tissue in culture medium gives

a transmittance of 65.69% at a wavelength of 600 nm in experiment 1, and only 16.71% in experiment

2. This could in part be explained by having more or less tissue than expected in the well, resulting

in a higher or lower path length of the light through the tissue, and thus absorbing more or less light.

Additionally, the donor tissue variability can also play a role in the observed difference in measurements.

Tissue from every donor has slight variations in composition, as well as a different reaction to the 24 hour

culture period, sometimes resulting in tissue decomposition before this can be used in research. This

means more experiments are needed in which more effort is put in matching the correct amount of tissue

to the condition.

Another observation in the results, is the high transmittance of exocrine tissue in Phosphate-buffered

Saline (PBS) in experiment 1, which is depicted in figure A.4. One of the explanations for this result could

be that the amount of exocrine tissue has declined during the preparation phase in which the tissue is

washed and centrifuged a few times. It has previously been observed that exocrine tissue starts to decline

and die off during the 24 hour culturing period, and the centrifugal forces could have pushed it over the

limit. Additionally, due to inexperience, part of the exocrine tissue could have been washed away during

these steps, resulting in less tissue to be measured.

Because of the aforementioned complications, it is difficult to make an accurate comparison between

exocrine tissue and pancreatic islets. However, in order to get some insights in the behavior of these

tissues during the optical absorption spectroscopy, comparison charts have been made and are visible in

figure 3.3 and figure 3.6. The bottom graph in both figures shows the difference between the pancreatic

islets and exocrine tissue in each of the conditions. When comparing experiment 1 and experiment 2

with each other it becomes clear that they are each other’s opposites, with the exocrine tissue allowing

more light transmittance than pancreatic islets in experiment 1 and the opposite in experiment 2. This is

most likely due to the above explained difficulties in depositing the right amount of material in each well,

making it difficult to definitively conclude whether or not the hypothesis is valid or not.

However, one thing that can be observed in both experiments is that the difference lines are sloped,

meaning at certain wavelengths the difference in transmittance between the two tissues increases or
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decreases. This could potentially be useful for the identification of these tissues. For example, a baseline

picture is taken at a wavelength 900 nm and measure the transmittance of each tissue particle in the field

of view, which is followed up by a second picture at a wavelength of 400 nm. Then the tissue will show a

difference in transmittance, corresponding to being a pancreatic islet of a piece of exocrine tissue, as the

difference between the two in- or de-creases.

Unfortunately, due to long term equipment failure, no more than two experiments have been performed,

which limits the amount of available data. Before any conclusions can be made on the potential different

optical properties between the two types of tissue, and the ability to use this for identification purposes,

more experiments are needed. Additionally, the Spectramax i3x is only capable of performing these

measurements up to a wavelength of 1000 nm, and as discussed in my literature study, measurements in the

near infrared and infrared parts of the spectrum could be a useful addition to the performed measurements

in the visible light spectrum. Therefore, it is recommended to both increase the number of experiments,

with a refined procedure to achieve equal distributions wells of comparable conditions, as well as extend

the measurements into the near infrared and infrared parts of the spectrum using different equipment.

4.1.2 Electrical impedance spectroscopy

The ECIS model ZΘ measures the tissue over a long period of time, in this experiment only the stable

measurements have been included, this was in a time frame between 35 minutes and 5 and a half hours.

The initial measurements up till 35 minutes have been discarded due to a large deviation from the observed

mean of the stable measurements. Which is likely caused by temperature fluctuations and transport

movement, resulting in the cells needing to settle and adhere to the electrodes again. The measurements

after 5 and a half hours show patterns of unstable measurements and divergent results between wells of

the same conditions, which is likely caused by cell death after a relatively long time in a small amount

(200µl) of culture medium.

The impedance spectra of all the measured conditions all show an equal behavior compared to each

other. The measured impedance values of all the conditions are roughly similar at the lower frequencies

and only start to diverge from one another at the higher measured frequencies. This can be attributed

to different dielectric dispersions (α,β and γ) playing a dominant role at different frequencies in the

impedance spectrum for cells in suspension [40, 41]. The α-dispersion is dominant at frequencies below

several kHz and is mainly caused by polarization effects of the used electrodes, which has similar results in

the measurements with the used liquids and tissues. This is followed by the β-dispersion with a frequency

range between several kHz and 1 GHz, in which the capacitive properties of the cell membrane play a

major role, and ultimately followed by the γ-dispersion which occurs when the frequency is higher than

1 GHz and in which the polar orientation of water molecules played a big role. The β-dispersion can,

however, be further subdivided in three sub-dispersions in which the following aspects of the submerged

cells are the main contributing factor: electric double layer (<1MHz), the size of the cell (1 - 10 MHz) and

the cell membrane (10 MHz - 1 GHz). Due to limitations by the ECIS model ZΘ, the measurements in the

experiment are up till a frequency of 64 kHz, which means the difference in impedance values is caused

by the electrical double layer which forms at the surface of the electrodes in contact with either tissue or

fluid. Because the differences between measurements are most pronounced at 64 kHz the results show
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comparisons between liquids and tissues at this frequency. While this provides a first insight on the elec-

tric properties of the pancreatic islets and exocrine tissue, there is more to be explored at higher frequencies.

Looking at the resulting impedance values of pancreatic islets and exocrine tissue at 64 kHz in figure

3.10, it appears that pancreatic islets have a lower impedance when compared with exocrine tissue of

similar conditions. This in itself would be an indication that there is potentially a difference in electrical

properties between the two tissues, however the same figure shows that the impedance values also rise

with the amount of tissue that is present in the well. Which makes the deposited amount of tissue in each

of the wells a critical factor for this comparison. While efforts have been taken to deposit similar amounts

of tissues for each of the conditions, and to double check that with the use of a microscope, there is still

an error margin present. Because of this error margin, the actual impedance values of both of the tissues

could be closer to each other than they currently appear. Therefore, it is difficult to definitively confirm or

reject the hypothesis without further experiments. To overcome the dependence on the amount of tissue,

an alternative, is to limit the amount of tissue to just 1 cell aggregate per well (as long as it covers two

electrodes) and repeat these experiments. This would more accurately measure the electrical properties of

the two types of tissue, without the disturbances of varying amounts of tissue in the well, and therefore be

able to provide a conclusion to the hypothesis.

The resulting impedance values in this experiment (in most conditions with n=116 or higher) show

little deviation between measurements from wells with similar conditions and across a longer period

of time. However, the experiment has been performed only once with the material from one donor. In

order to definitively reach any conclusions from the obtained results, and to eliminate the donor tissue

variability, more experiments need to be performed. Additionally, due to equipment limitations only a

relatively small part of the impedance spectrum (up to 64 kHz, while normally ranging from 1 Hz to 1

GHz [40]) has been examined. Therefore, additional impedance spectroscopy studies, using equipment

that allow for a larger part of the spectrum to be examined, are recommended to be performed.

4.2 Process validation and optimization

4.2.1 Exploring sequential and simultaneous density gradients

To evaluate how to solve the size limitations of the Latham bowls, which are used during pancreatic islet

isolations to create the density gradient in, the following research question and hypothesis were looked

into:

• Research question: Can optimization of the controllable variables during the density gradient

process, lead to a more consistent creation of sequential and/or simultaneous density gradients, in

order to solve the Latham bowl size limitations during pancreatic islet isolations?

• Hypothesis: By further examining the processes to create sequential and simultaneous density

gradients, the expectation is that this will lead to a robust and reliable solution to create said density

gradients, aimed at solving the 225 ml Latham bowl size limit.

Should one of these methods prove to be a robust and reliable solution, then this will define the choice

for the development path of PRISM 2.0.
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One of the behaviors that has been observed with sequential density gradients using PRISM, is a

difference in pancreatic islet isolation results between the first and second density gradient, where the

bulk of the pancreatic islets exited the bowl in the first few fractions. To explore this further, experiments

for the sequential density gradients recreated the conditions at which this happens to try and explain this

observed behavior and explore this method for further development. These results are shown in figure

3.11 and show a significant difference between each of the three initial density values: 1.043 kg/m3, 1.067

kg/m3 and 1.055 kg/m3 for gradient 1, 2 and 3 respectively. The initial gradient created by a PRISM

isolation is represented by gradient 1, which was followed by a second density gradient, which, after

emptying the bowl of the fluids from experiment 1, resulted in gradient 2. The initial high starting density

of gradient 2 is likely explained by the system not fully being able to drain itself of all fluids, resulting in

a small amount of liquids remaining with a density of 1.14 - 1.17 kg/m3 (ending density value of gradient

1) mixing with the initial inflow of UW preservation solution and creating a higher density than intended.

Because the starting density value of gradient 2 is within the window in which the pancreatic islets are

expected (1.06 - 1.08 kg/m3), it is likely the cause for the observed increase of pancreatic islets that exit

the system during PRISM isolations using a sequential gradient. To further visualize the effects of this

difference in density gradients, figure 3.12 shows the initial 10 collected fractions of the density gradients

which contained various density beads representing different types of tissue. Gradient 1 shows the initial

tube to have mainly orange and green beads which represent dead tissue, and starts to gradually show

purple and blue beads from fraction 5 and higher. In comparison, gradient 2 shows the first tube to have

a high density of beads of various colors: green, orange, blue and purple. Which corresponds with the

observed behavior during pancreatic islet isolations.

In an attempt to recreate the starting conditions of gradient 2, a clean bowl and tubing set was rinsed

with the heavy solution and then emptied before starting a density gradient. The resulting density gradient

(number 3 in the figures), is, however, in between gradient 1 and 2, and just shy of the range in which the

pancreatic islets are expected (< 1.06 kg/m3). Resulting in some purple and blue beads entering tube 1,

but not as large an amount as with the second gradient. One of the possible explanations for the different

outcomes of gradient 2 and 3 is a reduced soaking time of the bowl during the rinse, resulting in the bowl

being differently coated. Or, due to the centrifugal forces, the heavy mixture in the bowl during the density

gradient, starts to partially un-mix and deposit some Xenetix 350 (with a density of 1.409 kg/m3), on the

bottom of the bowl which does not get drained.

The density beads, while not a perfect substitute for pancreatic tissue (tissue includes some fatty parts

and can cloth together), does give a visualization on the number of pancreatic islets and dead tissue that

will exit the Xtra bowl in the initial fractions. This effect is, however, undesirable because the pancreatic

islets will be mixed with dead tissue and because a relatively large amount of tissue will come through the

exit tubing in a short time frame. This could potentially form a problem for the pancreatic islets, because

of the potential shear stresses that arise as they get squeezed to the wall of the tube, which can lead to a

decline of surviving pancreatic islets [42]. The differences between the first two density gradients can

be controlled, however, to avoid any of the aforementioned risks. By pumping some UW preservation

solution into the Xtra bowl, and then thoroughly cleaning it by manually shaking it, the residual content
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of the bowl can be cleaned and allowed to be pumped out to the waste bag.

The results of the simultaneous density gradients, shown in figure 3.13, show two experiments in

which two gradients have been created using the same pumps. While the gradients show similar behavior,

two major observations can be made: The gradients gradually diverge over time and the amount of liquids

that pass through each of the bowls is not equal. The divergence of the two measured gradients starts

at the beginning of the window in which the pancreatic islets are expected (1.06 - 1.08 kg/m3), which

can potentially lead to a situation in which the outflow for one bowl contains pancreatic islets and the

other exocrine tissue, which will then be mixed again, a situation which should be avoided. Both the

observations are closely tied to a difference of liquids that pass through the tubing, even though the tubing

and equipment is the same. The density gradients which were created using PRISM show a higher density

and less liquid needed, which can be the result of a reduced flow through the UW supply tubing as this

would normally lower the density. In order to use this method, a high level of process control is needed

to accurately supply both bowls with the same amount of liquids to build the density gradient. Which

can be achieved by further studies into accurately using the tubing to displace the volume desired, and to

evaluate the accuracy of the pumps to build the gradients with. Once under control, this method will have

the potential to be successfully used.

The goal of these experiments was to identify which of the methods is a reliable solution to overcome

the size limitation of the Latham bowl, and should be opened up for further development to eventually be

implemented in PRISM 2.0. While both methods show to have promise, both processes are subject to

some difficulties, therefore neither of processes are, in their current form, a reliable and robust method to

overcome the Latham bowl size limitations yet. Fortunately, these experiments have shown what will need

to be improved in order to become the sought reliable and robust method. With that in mind, and time

reduction being one of the original design goals of the PRISM project, the process in which simultaneous

density gradients are created is the preferred option for further development. However, to be able to use

this process in a reliable and robust manner, further control over this process needs to be gained. To do

this, two subjects need to be addressed:

• More control over the displaced volume in the tubing is needed to ensure the right amount of liquids

are pumped to each of the bowls. To investigate which steps to take to achieve this the following

research question and hypothesis were established:

– Research question: Can the standard tubing be used to deliver similar volumes to different

containers using a single peristaltic pump head?

– Hypothesis: A treatment procedure of the tubing before use will lead to more consistent

results by making the tubing more malleable.

• To ensure that the density gradients are reproducible, the newly developed pumping system needs

to be validated to have a linear progression and a high accuracy to reach the set point speeds.

Which leads to the following two subjects that need to be investigated: The hypothesis that the

application of a treatment protocol will lead to more accurate volume control through the tubing, and that,

in order to create accurate density gradients, the newly developed pump system needs to be validated to

have a linear progression and has to be highly accurate.
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4.2.2 Tubing

To gain more control over the creation of the simultaneous density gradient, steps had to be taken to

improve the accuracy of the tubing by minimizing the difference of the displaced volume to two containers

using the same peristaltic pump. In order to look into this the following research question and hypothesis

were looked into:

• Research question: Can the standard tubing be used to deliver similar volumes to different contain-

ers using a single peristaltic pump head?

• Hypothesis: A treatment procedure of the tubing before use will lead to more consistent results by

making the tubing more malleable.

Unfortunately, due to loss of data, repeats of this experiment and additional conditions have been lost.

However, the currently remaining dataset is in line with the expected results based on increasing experi-

ence on the topic and provides a fair indication of the behavior of the tubing.

The results shown in figure 3.14 show a comparison between a baseline, represented by the platinum

cured silicon tubing without treatment, and the new Puri-Flex tubing with additional treatment protocol

as advised, after some deliberations, by Masterflex. The platinum cured silicon tubing shows to have a

high variability and difference between the two tubing through the same pump head, which is in line with

previous observations during the initial simultaneous density gradients. To combat this, the new Puri-Flex

tubing is a much more rigid material which can achieve greater accuracy by treating the tubing before

use. The method of "rolling" the tubing, which is basically pumping a liquid at 175 RPM for a certain

amount of time, creates a more pliable spot where the steel rollers from the peristaltic pump head come

in contact with the tube, and with that increase its accuracy. This phenomenon was best observed after

the 30 minute treatment with water. The results of these experiments are shown in figure 3.14 in which

the treated tubing shows less variability and a lower difference between the tubes, especially in the case

of 30 minutes of rolling. Even though the test has been performed with the use of water, these results

should be representative for other liquids such as UW preservation solution and Xenetix 350, as the gains

in accuracy come from the pliability of the tubing wall, rather than the difference in liquids.

Unfortunately, pumping liquids for 30 minutes when preparing for an isolation using PRISM is a

challenge, due to limited fluids and working in a clean and sterile environment. While some workarounds,

such as pumping the fluids back and forth for a few seconds during a time of 30 minutes can be imple-

mented, it opened up an experiment to see if air can be used as a substitute. The results of this, as shown

in figure 3.14, are, however, not promising and show the highest difference between the two tubes of the

measured conditions. This indicates that the relative incompressibility of water plays a role in preparing

the tubing, by creating higher forces that work on the wall of the tube.

The outcome of these experiments ultimately verify the hypothesis, and thus show that the application

of proper treatment protocols increases the control over the displaced volume in the tubing, minimizing

the volume difference to two separate containers. The application of a 30 minute treatment protocol with

liquids shows to minimize the difference between the two tubes to under 1%, which is an acceptable

margin of error in the creation of density gradients.
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4.2.3 Pump validation

The goal of these experiments is to validate the developed pumping system for PRISM 2.0, by determining

the characteristics of the system, to ensure that the density gradients are reproducible. The pump system

needs to have a linear progression and a high accuracy to reach the target set points. To this end, different

versions of the developed pump have been compared against the baseline created by the PRISM 1.0 pump

system. The end goal for the developed system is to have characteristics that are equal to or better than

PRISM 1.0, and allow for a reproducible density gradient. The baseline, created by PRISM 1, is shown in

figure 3.15, which shows this system is capable of delivering a fairly accurate and stable linear progression

of the flow in the tubing, which meets the expected values. The slight slump in flow speed at the upper

end of pump speeds is of no consequence, as those speeds do not get used in the PRISM protocol. With

a fairly accurate linearity and a proven record of being capable of building density gradients, this is the

baseline to compare the pump for PRISM 2.0 against.

To evaluate the raw characteristics of the pump without a microcontroller, one of the versions was

regulated by voltage control. The resulting flow speeds for this pump can be seen in figure 3.16, and show

that the flow speeds across the range are higher than the expected values, and even pushing the tubing

above the indicated maximum flow speed. This shows that the gearing of the pump is too large, as it

is capable of reaching speeds that will not be used. By switching to a smaller gearing, a higher torque

delivery and accuracy can be achieved. Another conclusion from this experiment is that there is a definite

need for a control system, which is capable of creating a more linear buildup of the flow rates which are

closer to the expected values.

A second version of the pump was developed with a pulse width controller, that looks at the size of

signals from the encoder to regulate the rotational speed. The results of the experiment are shown in figure

3.17, and show that the flow rates are closer to the expected values. However, the flow rate of the L/S 13

tubing is too high compared with the expected values across the entire range. It reaches the maximum

indicated flow rate at 90% of the pumping capabilities, which causes the measurements to be somewhat

less stable. Looking at the L/S 14 tubing, this shows results which are closer to the expected values, but

still encounters a bump in the resulting values around 70% pump rotational speed.

Because the pulse width controller did not yet reach the expected values, a PID controlled version was

developed, the resulting measurements of this system are shown in figure 3.18. The overall characteristics

of this system are however quite similar to the system with the pulse width controller. The L/S 13 line is

again high across the whole range and the L/S 14 line is closer to the expected values but shows again to

have a bump with too much flow.

Because both systems were expected to be able to reach the expected values, a cause for this deviation

had to be found. With the use of an optical tachometer, the rotational speed of both the pulse width and

PID controlled pump systems was measured. The results, which are shown in table 3.1, show that both

control modes are, in fact, very close to the setpoint RPM values, with the PID controller being able to

more accurately produce the setpoint values. This meant the rotational speeds of the pump were not at

fault for causing the deviation of the flow speeds.
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Eventually, the cause was found in a faulty Masterflex Easyload 2 pump head which was used in

the measurements. After outfitting the PID controlled pump with a new pump head the experiment was

repeated, the results of which are shown in figure 3.19. The flow rates produced by this pump show to have

a linear increase which is very close to the expected values. The observed increase of flow speed at 80%

pump speed can be corrected for if need be, but during the PRISM protocols the pump seldom reaches

this speed. Unfortunately, at the time the L/S 13 tubing was not available, resulting in this experiment

needing to be repeated with that particular tubing.

Some observations that have been made during the experiments are the behavior of both controllers at

low speeds. The PID controller showed to behave in a stop and go fashion, likely due to a low sampling

frequency at these speeds, and the pulse width controller showed to continue rotating, albeit intermittently

with a high frequency. While both controllers show to have similar fluid flows, this different behavior

does cause a slight problem. Due to coming to a complete standstill, caused by the roller encountering the

tubing, the PID controlled pump needs to increase the amperage a lot to continue rotating. The increase in

amperage causes the controller to become increasingly hot, which might cause problems in the long run.

Therefore, a system which combines the pulse width control at low frequencies and PID control at higher

frequencies will be developed.

The experiments so far show the developed pump with a PID controller to have a linear progression

and is capable of accurately reaching the setpoint values. This means that the developed pumping sys-

tem is able to create repeatable density gradients, and is on the right development path for PRISM 2.0.

However, some area’s for improvement have been identified, such as, smaller gearing and combining

the controllers, which still need to be implemented in a final version of the pump system. Therefore, a

definitive conclusion can only be provided when that system is ready for a validation study.

4.2.4 Simultaneous density gradient validation

After closer examination of some controllable variables in the previous sections, the lessons learned can

now be used to re-evaluate the research question aimed at solving the limitations of the Latham bowls:

• Research question: Can optimization of the controllable variables during the density gradient

process, lead to a more consistent creation of sequential and/or simultaneous density gradients, in

order to solve the Latham bowl size limitations during pancreatic islet isolations?

• Hypothesis: By further examining the processes to create simultaneous density gradients, the

expectation is that this will lead to a robust and reliable solution to create said density gradients,

aimed at solving the 225 ml Latham bowl size limit.

Now a better understanding of the overall process and controllable variables has been gained, the

hypothesis can now be evaluated by conducting further experiments in which simultaneous density gradi-

ents are created. Should these lessons indeed lead to a robust and reliable solution to create these density

gradients, then this process can ultimately be used in PRISM 2.0.
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The results from the simultaneous density gradient experiments 1 and 3, as shown in figures 3.20 and

3.22, show that overall, the simultaneous density gradients can accurately be created and follow almost

the same gradient. The gradient lines start off at approximately 1.045 kg/m3 and gradually rise during

the phase in which the pancreatic islets are expected (1.06 kg/m3 to 1.08 kg/m3 [43, 30]). This would

translate in the pancreatic islets slowly leaving the continuous flow centrifuges, without an increased risk

of crowding and potential detrimental shear stresses from being pushed against the wall [42]. The second

range of interest is when the exocrine tissue is expected (1.11 kg/m3 to 1.35kg/m3 [43, 30]), and this

again shows there is little deviation between the two gradient lines. In gradient 3, the results from the

PRISM gradient are lagging behind a little bit, but with a maximum error of 0.3% in this range, this is of

no consequence for the results of the isolation.

During the second experiment, shown in figure 3.21, the Dideco Electa centrifuge was observed to

vibrate heavily, which is seen in gradient line. At approximately 800 seconds the density of the Electa

rises and then levels off, which indicates the vibrations have mixed the internal fluids. Even though it

took some time to stop the vibrations, the resulting increase in density remained below 1.08 kg/m3, which

means that during this disturbance still only the pancreatic islets are expected to leave the device. With the

disturbed gradient, a higher amount of the heavy solution has left the centrifuge than planned for, which

results in the Electa density gradient being a little bit lower than the PRISM gradient during the phase

where the exocrine tissue is expected. Despite these difficulties, the difference between the gradients

remained below 0.75% and would not have caused the gradients to fail. However, this does indicate a need

for a robust and solid holder for the continuous flow centrifuge, with a good alignment for the rotational

axis, to avoid any vibrations from happening.

Another observation which was made during all three experiments, is that the starting density for each

of the gradients is different. While this results in a large difference between the two gradients, in all cases

the maximum density at this initial value was below 1.05 kg/m3. Meaning that this would not cause the

pancreatic islets to rise ahead of time. Additionally, the difference between the two gradients quickly

diminished after which each of the gradients started to follow the same trajectory again. Because this odd

behavior does not lead to any complications, this can be accepted as it is.

To evaluate the repeatability of the simultaneous density gradients, the mean results and deviations

have been plotted in the top graph of figure 3.23. This graph shows that, even with the vibrating Electa

centrifuge, the gradient lines are very close to each other and can be repeated multiple times across the

experiments. The bottom graph of this figure shows the mean difference and deviations, and shows that

overall (with the exception of the starting values) the mean difference does not rise above 0.3%, indicating

that there is accurate control over the simultaneous density gradients.

Because the accuracy and repeatability of the experiments is sufficient, the conclusion is that this

method is a reliable and robust way to create simultaneous density gradients. Therefore, the hypothesis

that closer examination of the process to create simultaneous density gradients, will lead to a robust and

reliable solution to create simultaneous density gradient, is accepted. Which means that this process is a

good solution to overcome the Latham bowl size limitation, and can be further developed for PRISM 2.0.
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CHAPTER 5

Conclusion

Researchers from the Leiden University Medical Center (LUMC) are working on automating the pancreatic

islet isolation procedure, in an effort to make pancreatic islet transplantations more accessible for patients

with severe symptoms of type 1 diabetes mellitus. A prototype device, which is called PancReatic

Islet Separation Method (PRISM) 1.0, had undergone rigorous validation studies in which this method

proved to be a good method to use in pancreatic islet isolation procedures. However, two major areas for

improvement have been identified, one of which is the need for a label free, non-destructive and in- or on-

line applicable method to identify pancreatic islets from exocrine tissue. The other area for improvement

is to solve the crowding effect in the Latham bowl during the density gradient creation, resulting from

too much tissue for the bowl size. Therefore, it has been decided to develop a version 2.0 PRISM device

which can overcome these problems. This has led to the two main research questions for this thesis:

1. Are there exploitable optical and/or electrical property differences between pancreatic islets and

exocrine tissue?

2. Can optimization of the controllable variables during the density gradient process, lead to a more

consistent creation of sequential and/or simultaneous density gradients, in order to solve the Latham

bowl size limitations during pancreatic islet isolations?

During the investigation of the first research question, the hypothesis was that a difference in cell

composition between pancreatic islets and exocrine tissue, will lead to measurable differences in optical

absorption spectroscopy and/or electrical impedance spectroscopy. To verify or reject this hypothesis,

optical absorption spectroscopy and electrical impedance spectroscopy experiments have been conducted.

The results from the optical absorption spectroscopy experiments, shown in figures 3.3 and 3.6, show

differences in the absorption spectrum between pancreatic islets and exocrine tissue, but, unfortunately,

vary to such a degree that the results have opposite outcomes. This is most likely caused by the amount of

tissue deposited in the wells, rather than the optical properties of the tissue types. The results from the

electrical impedance spectroscopy, shown in figure 3.10, show a slight difference in impedance values

between pancreatic islets and exocrine tissue. However, because the impedance values rise with an

increased amount of tissue in the wells, the results are likely influenced by tissue variations in the well

due to deposition errors. This means an accurate comparison between the two types of tissues is very

difficult. Because of the aforementioned difficulties, based on the current results it is therefore impossible

to definitively accept or reject the hypothesis, and answer the research question definitively, therefore,
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more experiments are needed.

For the second research question, which is aimed at solving the imposed limitations by the limited

size of the Latham bowls, the hypothesis was that by further examining the processes to create sequential

and simultaneous density gradients, this will lead to a robust and reliable solution to create these density

gradients, and is ultimately aimed at solving the 225 ml Latham bowl size limit. Initial exploration of

both these methods showed that the method to create simultaneous density gradients has promise, but

needed further improvement before the hypothesis could be verified. To that end, experimental studies

have been conducted in which more control over the displaced volume in the tubing was gained after an

initial treatment protocol, and a validation study performed to evaluate the linear progression and accuracy

of the pump system. The lessons learned from these experiments have been used to re-evaluate the second

research question and hypothesis. This study, the results of which are shown in figure 3.23, in which

these simultaneous density gradients were created, shows that the taken measures lead to an accurate

and repeatable process. It can, therefore, be concluded that this optimization step, has led to a reliable

and robust process to create simultaneous density gradients, which can overcome the limitations from

the limited size of the Latham bowls. Ultimately, this opens up this method as the development path for

PRISM 2.0.
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CHAPTER 6

Recommendations

While the initial exploration of the optical absorption and electrical impedance spectra gives an insight

in how pancreatic islets and exocrine tissue perform in these measurements, a solid conclusion cannot

yet be provided. Therefore, it is recommended to increase the number of repeats for these experiments,

in which greater care is taken on the amount of tissue deposited in each of the wells that are to be

measured. Additionally, due to limitations of the available equipment, only parts of the spectra have been

analyzed. Literature has shown that the near infrared range has the potential to be used for pancreatic

islet identification purposes, it is, therefore, recommended to expand these experiments to include the

near infrared spectrum. Similarly, the device used for the electrical impedance spectroscopy was only

capable of examining the spectrum up till a frequency of 64 kHz, whereas literature shows impedance

measurements ranging up to the GHz range. This additional range would allow for more electrical

properties of the tissues to be examined, and, therefore, it is recommended to expand the experiments for

electrical impedance measurements to include the higher frequencies.

With the development of PancReatic Islet Separation Method (PRISM) 2.0 well underway, and

different components nearing finishing stages, more validation studies can be performed to explore if these

components meet the design criteria. Furthermore, larger validation studies that include combinations of

various components can be performed, such as the combined evaluation of the systems that are needed to

create two simultaneous density gradients. Therefore, it is recommended to build a test set up in which

various processes of the pancreatic islet isolation processes using PRISM can be simulated and validated,

before the final creation of the complete device.
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APPENDIX A

Figures and plots

A.1 Pancreatic islet identification

A.1.1 Optical absorption spectroscopy

Figure A.1: Optical absorption spectrum of the Nunc Maxisorp culture plates. The plate absorbs light
waves below 290nm [35].

64



Figure A.2: Optical transmission spectrum of various fluids and culture media [36]. The addition of
bovine serum alters the optical response of the medium.

Figure A.3: Optical absorption spectrum of iodine in various fluids [37].
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Figure A.4: Experiment 1: The transmission spectrum of exocrine tissue (top) and pancreatic islets (bot-
tom) suspended in PBS. The error bars represent the standard deviation of the performed measurements.
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A.2 Process validation and optimization

A.2.1 Exploring sequential and simultaneous density gradients

Figure A.5: Density bead separation in 3 sequential density gradients, showing tubes containing 13ml
of fluids with increasing density matching the measurements (with number 1 on the left) of figure 3.11.
Density beads of various density represent different types of tissue, with purple representing pancreatic
islets and red representing exocrine tissue.
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APPENDIX B

Additional notes

B.1 Culture Medium

The culture medium, CMRL1066 500 mL, for pancreatic islets contains the following list of additives:

• Ciproxin (2mg/ml) 5 mL

• Gentamicin (50mg/ml) 0,5 mL

• L-Glutamin (200mM) 5 mL

• Hepes (1M) 5 mL

• Nicotinamide (300mg/ml) 2 mL

• Human Serum 52 mL
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APPENDIX C

Additional performed work

C.1 Risk analysis

C.1.1 HFMEA and FMEA risk analyses

To make sure the development is going in the right direction and nothing has been forgotten, two types

of risk analyses have been performed. Both of these analyses were aimed at increasing safety by taking

a close look at the process steps and the hardware. One of these analyses was the Healthcare Failure

Mode and Effect Analysis (HFMEA), in which the processes are evaluated on what can go wrong. In this

risk analysis, as shown in figure C.1, scores are given based on possible damage and expected frequency,

eventually indicating in how important it is to take action for the specific topic. This ultimately led to a

number of risks which were to be accepted, and some others which can either be controlled or require

redesigns or validation studies to avoid, an overview of which is shown in table C.1.

Scenario Accept Control Critical
Allogenous 25 37 6
Autologous 23 35 13

Table C.1: The results of the HFMEA risk analysis performed on both the allogenous and autologous
situations. The critical results have led to redesigns of the specific relevant components.

The other risk analysis that has been performed is the Failure Mode and Effects Analysis (FMEA),

which is aimed at minimizing the risk that a patient can suffer after failures occur with PRISM 2.0.

This method, which is shown in figure C.2, combines the effects for the patient, with the frequency of

occurrence and the risk of not being able to detect the error. The outcome of the FMEA risk analysis led

to 14 situations requiring a technical solution, 7 that required a validation study and 3 situations that need

to be added to the user manual.

Examples of processes that required a verification study, to ensure the technical solution is correct,

are: a measurement of the amount of tissue in the Latham bowl, a validation of the cooling capacity of the

water chiller and a corrosion test on the proposed materials.
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Figure C.1: Example of the performed Healthcare Failure Mode and Effect Analysis (HFMEA), which
indicates the need to accept, control or prevent possible failures.

Figure C.2: The Failure Mode and Effects Analysis (FMEA), is aimed at protecting a patient from possible
failures of the equipment. By creating a score based on the possible consequences, frequency of the failure
and the non-detection of the failure, areas have been found which require a technical solution.
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C.1.2 Tissue volume measurement

The risk analyses have shown that during an autologous pancreatic islet isolation, there is a high need

to know the total volume of tissue that resides in the Latham bowl during the digestion phase. This is

needed because the amount of tissue volume dictates, during the isolation process, what steps to take

next. Therefore, an exploratory study has been initiated to see if, with the use of camera’s, the total

volume of tissue in the Latham bowl can be measured. To simulate the conditions during the digestion

phase, at which time the measurement is needed, the bowl was filled with Ringer Acetate, and during

the test exocrine tissue was inserted into the bowl with 2 ml at a time. Between every measurement step

the tissue was shaken loose and allowed to resettle when the centrifuge picked up speed again. With

the use of a telephone camera, photos were taken at approximately the same distance and evaluated on

segmentation with the use of Image Pro Premier, an example of this can be seen in figure C.3. The output

of the segmentation software was the total area of pixels that it deemed to be part of the pre-set conditions.

These results, shown in figure C.4, have been plotted against the amount of tissue entered in the bowl

and show to have a fairly linear increase with the amount of tissue in the bowl. The measurement for

10 ml is off, due to this image being taken from further away. This plot also shows that 2 ml of tissue

is too little to be measured properly, this is because of how the bowl is connected to the rotating holder,

blocking part of the field of vision. However, these results indicate that there is a possibility for a visual

examination of the amount of tissue present in the bowl. Therefore, the development of a fixed camera

system has been initiated, which, with some calibration, should be able to measure the amount of tissue

through image segmentation.

Figure C.3: Image segmentation using Image Pro Premier have been performed on a Latham bowl with 6
ml of tissue. The output of this segmentation is the area of pixels which have been identified to be a part
of the tissue.
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Figure C.4: With the output in square pixels from the Image Pro Premier software, a graph has been
created in which this output is plotted against the volume in the bowl. The results show an increase in
area with an increase in tissue.
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C.1.3 Water chiller validation

During the digest phase of pancreatic islet isolations, the tissue is being broken down with the use of

enzymes, which cut the collagen strands holding the tissue together [27]. Once the tissue is properly

digested, the enzymes need to be switched off, which is achieved by the addition of human serum, and

cooling the enzymes to reduce their activity. The risk analysis has shown that the proper cooling (to a

temperature below 7 ◦C) of this fluid mixture is an important step to take, which otherwise can have

consequences for the end product.

Therefore a validation study of the cooling capacity of the water chiller has been performed, in which

the outflow temperature of the digest fluid mixture was measured at various pump speeds and water

chiller settings. The setup of this experiment is shown in figure C.5, and shows the variables and the

goals that need to be achieved. The equipment used in this study is: Julabo FC1600S water chiller, a

Medtronic BIOtherm heat exchanger, a Thermaltake Pacific radiator, Masterflex Variable-Speed Drive

with an Easyload 2 pump head, and an Ebro TFN 520 temperature sensor using Type T thermocouples.

The results of this study are shown in the top graph of figure C.6, and show that at a flow speed of 250

and 300 ml/min the capacity of the heat exchanger and coolant flow is not sufficient to cool the liquids

below 7 ◦C. The flow speeds of 200 ml/min and below show that for most temperature settings of the

water chiller the outflow temperature of the digest flow remains below a temperature of 7◦C. Because

lower flow speeds add more time to the pancreatic islet isolation procedure, the digest flow of 200 ml/min

is preferable above the lower flow speeds. Resulting in the water chiller needing to cool the coolant to a

temperature of 3◦C and lower.

After leaving the heat exchanger, the coolant then travels to the radiator, which in turn cools the

internal spaces of PRISM 2.0. Therefore, the bottom graph of figure C.6 shows the temperature of

the coolant liquid at the radiator, after passing through the heat exchanger. The results show that at a

temperature of 2◦C the temperature in the radiator remains below 7◦C with a digest flow speed of 200

ml/min.

These results combined lead to the conclusion that the waterchiller is suitable for the task. With the

digest flow of 200 ml/min and the water chiller set on 1◦C or 2◦C, the cooling is sufficient to avoid any

difficulties during the isolation process.
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Figure C.5: Schematic set up of the water chiller validation study.
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Figure C.6: Results of the validation study of the water chiller. Top graph shows the outflow temperature
of the digest flow at various speeds and coolant temperatures. The bottom graph shows the temperature of
the coolant to the radiator, with a 200 ml/min digest flow speed.

74



C.1.4 Material corrosion tests

The risk analysis indicated that, due to the use of the device in a Good Manufacturing Practices (GMP)

cleanroom facility, corrosion should be prevented, as this is difficult to clean and could affect the lifespan

of the component. Therefore, the proposed materials for PRISM 2.0 were tested by exposing them to the

two more aggressive cleaning agents that are used in the GMP facilities, virkon and RBS solution. The

materials tested materials were steel 304 and steel 316, and were tested in accordance with table C.2. By

exposing the steel to a heavy dose of chemicals for a long period of time, an indication can be gathered on

how well the steel performs when exposed to multiple cleaning sessions. The results, which are shown in

figure C.7, show that steel 304 (number 2 in the figure) corroded and steel 316 (number 1 in the figure) did

not. Therefore, despite the higher cost, a decision has been made to use steel 316 as a building material

for PRISM 2.0.

Duration (days) Condition Cleaning agent
2 Submerged Virkon 20g/L
1 50/50 submerged/air Virkon 20g/L
4 Submerged 2% RBS
3 50/50 submerged/air 2% RBS
2 Submerged Virkon 20g/L
2 50/50 submerged/air Virkon 20g/L

Table C.2: Corrosion testing conditions to which steel 304 and steel 316 have been exposed.

Figure C.7: Left: Example of the steel being tested in a 50/50 condition using Virkon. Right: The end
result of the corrosion test, showing that material 1 (steel 316) did not corrode, and material 2 (steel 304)
did show signs of corrosion.
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C.2 Design

C.2.1 Mockup and solidworks

Once the decision was made, after the validation studies of the previous sections, to use a process

including two simultaneous density gradients, the development process could be taken further. This

meant that, using all the lessons learned so far, PRISM 2.0 could start to take shape. The starting

point of this process was to take a good look at the first version of the machine, PRISM 1.0, which is

shown in figure C.8, and identify parts of the device that work as intended and parts that need improvement.

The first mockup that was created using cardboard and duct tape, and is shown in figure C.9, and

shows the layout of a device that incorporates the idea’s for PRISM 2.0, but yet lacks the definitive

measurements of the final version. The first mockup has proven to be a very useful tool in the interaction

with the LUMC technical development department, because this visualization of the design idea’s opened

good discussions on what paths to take for further development.

Through iterations of various designs, mockups and solidwork files were created that include definitive

dimensions for PRISM 2.0. These versions are shown in figures C.10 and C.11 and come close to what

PRISM 2.0 will look like. With most of the basic elements completed, leaving mainly the smaller details

to be completed.

The next step in this process is to get hands on experience with the design through validation studies.

To this end, the second version of the mockup has been equipped with some of the equipment, and is

shown in figure C.12. These validation studies combined with the user experience, will open up the design

for further iterative steps.

Figure C.8: PRISM 1.0
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Figure C.9: Mockup 1

Figure C.10: Mockup 2
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Figure C.11: Solidworks

Figure C.12: Mockup version 2, partly equipped with equipment and machinery for further validation
studies.
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C.2.2 Schematics

Together with the overall design of PRISM 2.0, schematics had to be created which represent various

processes that take place in PRISM 2.0, such as the tubing sets for isolation procedures and overviews of

all electrical connections. An example of one of these schematics is shown in figure C.13, and shows the

tubing and flow directions for an autologous pancreatic islet isolation process.
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Figure C.13: Schematic
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