
Developing an Acquisition and Analytical Ecosystem for Protein Bioanalysis Using Mass  

Spectrometry and Programmed Temperature Control 

 

 

Elizabeth Anne Fawcett 

 

 

A thesis 

submitted in partial fulfillment of the 

requirements for the degree of 

 

Master of Science 

 

 

University of Washington 

2025 

 

 

Committee: 

Matthew F. Bush, Chair 

Nicholas M. Riley 

 

Program Authorized to Offer Degree: 

Applied Chemical Sciences and Technologies 

  



 

 

©Copyright 2025 

Elizabeth Anne Fawcett 

 

  



University of Washington 

 

Abstract 

 

Developing an Acquisition and Analytical Ecosystem for Protein Bioanalysis Using Mass 

 Spectrometry and Programmed Temperature Control 

 

Elizabeth Anne Fawcett 

 

Chair of the Supervisory Committee: 

Matthew F. Bush 

Department of Chemistry

 

Temperature-controlled electrospray ionization (tcESI) coupled with mass spectrometry 

(MS), which allows for the measurement of mass-to-charge (m/z) ratios, enables the analysis of 

both structural information and stability in proteins, specifically by evaluating their thermal 

denaturation, a measure of protein unfolding. In this work, programmed-temperature 

electrospray ionization (ptESI) source, is used to continuously and rapidly heat and cool a 

nanoESI capillary containing proteins in solution. Combining MS and ptESI, enables the 

tracking of structural changes in unfolding and refolding events from solution-phase chemistry. 

In ion mobility (IM) measurements, charged ions under the influence of an electric field 

experience collisions that allow for separation based on size, shape, and charge, which yields 

additional insights into protein structure. During collision-induced unfolding (CIU), collisional 

activation allows IM-MS to probe gas-phase ion structures regarding their stability. Shifts in 

stability, when assessing collisional activation, may be reflective of structural changes.  



In chapter 1 of this work, the tools traditionally used for assessing protein structure and 

stability are described. In chapter 2, the acquisition software updates, supporting usability and 

maintenance, for the ptESI source are characterized. Next, in chapter 3, the programmatic 

analysis of the structural and stability information generated using the acquisition software is 

described. Then, in chapter 4, experiments utilizing ptESI, CIU, and ptESI coupled with CIU are 

characterized. Finally, in chapter 5, an experiment utilizing ptESI coupled with collision-induced 

unfolding is introduced, describing the application of the acquisition software and the subsequent 

programmatic analysis. Overall, this work marks a significant programmatic milestone towards 

automating the collection of both MS and IM-MS data utilizing the ptESI source. This work 

represents significant milestones towards being able to screen protein libraries or protein-ligand 

libraries in drug discovery and development. 

Appendix A supplements Chapter 2 and contains a render of the physical ptESI source. 

Appendix B supplements Chapter 3 and contains examples of input and output data and 

visualizations related to the analytical pipeline. Appendix C supplements Chapter 4 and contains 

additional visualizations to assist with the characterization of ptESI, CIU, and ptESI coupled 

with CIU work. 
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CHAPTER I 

Introduction 

This chapter introduces the need for protein stability measurements and how mass 

spectrometry may be used to achieve additional insights. Additionally, this chapter introduces a 

variety of electrospray ionization (ESI) techniques that augment solution temperature as an 

approach to uncover protein stability measurements. Subsequently, the idea of augmenting the 

temperature of the solution prior to the ESI process in tandem with utilizing ion mobility is 

introduced. 

Figures of Merit for Protein Stability Measurements 

One of the many challenges that faces the discovery and development of drugs used to 

treat medical conditions, such as recombinant proteins or monoclonal antibodies, is that they 

may be unstable or prone to aggregation. It is important to discover this limitation early in the 

research and development timeline so that new options may be onboarded while balancing the 

cost of development. Additionally, rapid screening is beneficial to further balance the time and 

financial costs of testing the stability of a promising product or suite of products. Protein 

unfolding and aggregation in terms of products can have an impact on quality, especially safety, 

efficacy, and immunogenicity.1–3 Protein based drugs are sensitive to chemical and 

environmental factors such as temperature, shear-forces, light, pH, glycosylation, and enzymatic 

action.4 Being able to probe for aggregation during manufacturing of protein-based drugs is 

essential for achieving a final product that is suited for long-term storage and reducing impurities 

that can cause and anti-drug immune response.1,5,6 
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Traditional Methods 

Traditional techniques, X-ray crystallography, NMR spectroscopy, and cryo-electron 

microscopy (cryo-EM),7–10 that have measured protein structure require a significant amount of 

pure and stable material, orders of magnitude greater than that that would be used in medication. 

Protein purification strategies used to acquire volumes high enough to be used in these traditional 

methods often cause the protein to misbehave. Subsequent analysis is, as such, no longer 

reflective of the structure of the protein when being used as a medication in a clinical setting.  

Other techniques that have measured protein stability include differential scanning 

calorimetry (DSC), differential scanning fluorimetry (DSF), and circular dichroism (CD). DSC 

and DSF measure the protein midpoint transition in melting (Tm).11 CD measures absorbance at 

specific wavelengths and, when monitored alongside a second experimental condition such as 

temperature, can yield information about secondary structure characteristics changes which 

results in a stability measurement.12 Both DSC11 and CD12 require larger sample volumes. While 

DSF does not require larger sample volumes for analysis, it does require the addition of dye or 

detergent that may shift the stability of the protein away from that of its clinical application.12 

Mass Spectrometry (MS) 

Native mass spectrometry (MS) is a good fit for both structure and stability analysis, as 

the protein ions will retain a state similar to their solution phase conditions.13,14 Another 

advantage of using MS is that the amount of protein sample required for nano-electrospray 

ionization (nESI) is less than a nanogram for several experiments. Ions for use in MS, a gas-

phase technique, are first generated using an ESI source, which moves the prepared sample, 

using physiologically relevant pH and ionic strength, from a solution phase to the gas phase.15 
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MS can probe for detailed structural information by evaluating the transitions during molecular 

events such as changes in temperature.16 For instance, if a changing temperature is applied to a 

prepared sample in the solution phase and an ESI source is used to migrate the prepared sample 

from the solution phase to the gas phase, then the heat-induced denaturation of proteins can be 

analyzed. This is accomplished by using MS to monitor the changes in the ions as the solution-

phase temperature is changing.17 When this technique, known collectively as temperature-

controlled ESI (tcESI), is coupled with the evaluation of ion mobility (IM), a gas-phase structural 

technique, then additional structural information alongside stability information can be studied.18  

Temperature-Controlled Electrospray Ionization (tcESI) 

When utilizing tcESI techniques, protein structure can be evaluated by comparing the 

different charge state distributions at varying temperatures.19 Using tcESI also allows for a 

stability measurement Tm when comparing the average charge state from the charge state 

distribution at each temperature to the temperature.19 As such, tcESI is a powerful tool to 

evaluate both the structure and stability of proteins. This section describes a variety of tcESI 

techniques that are used in mass spectrometry including variable-temperature electrospray 

ionization (vtESI) and programmed-temperature electrospray ionization (ptESI). 

Variable-Temperature Electrospray Ionization (vtESI) 

Variable-temperature electrospray ionization techniques aim to garner both structure and 

stability information by analyzing mass to charge ratios (m/z) or a collision cross section, which 

is a rotationally averaged metric describing the size of an analyte. The vtESI system takes MS 

measurements at discrete temperature points and often only includes heating data and not cooling 

data. Additionally, many of the vtESI stability associated calculations require the use of a 
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software called OriginPro (OriginLab Corporation, Northampton, MA).18,20,21 This additional 

software requirement makes this vtESI technology less accessible and less globally adoptable.  

Programmed Temperature Electrospray Ionization (ptESI) 

Past bodies of work have described a programmed-temperature ESI (ptESI) that address 

the limitation of requiring discrete temperature measurements during both heating and cooling, 

by employing continuous temperature control and mass spectra acquisition.22,23 Rapid 

temperature cycling with high fidelity between the solution temperature and the programmed 

temperature has been made possible using the ptESI source.22,23 The ptESI source was originally 

built in 2020 by Dr. Meagan Gadzuk-Shea who performed successful proof-of-principle 

experiments. The project was picked up again in 2023 by Dr. Theresa Gozzo, Christopher Weir, 

and May Constabel.  

Temperature-Induced Unfolding (TIU) 

Recently, vtESI has been coupled with collision-induced unfolding (CIU), a type of MS 

analysis that evaluates CCS as it relates to a collisional activation caused by applied voltages in a 

region of the mass spectrometry that is prior to the ion mobility region.24 This study was able to 

uncover a compact conformer in Cytochrome C at elevated solution temperatures where most of 

the population unfolds. 

Overview of Present Work 

Although the hardware for the ptESI source has been described previously,22,23 the 

programmatic control of said hardware has not been characterized. A high-level overview of how 

the temperature control device interfaces with both MS and the software is shown in Figure 1.1. 
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This body of work aims to address the limitations regarding the use of proprietary software for 

analysis of structure and stability information for protein melting point. Additionally, ptESI was 

coupled with CIU to investigate a potential pathway to studying relatively stable proteins that 

prove resistant to ptESI based analysis of the structure and stability of proteins. To showcase 

this, Ribonuclease A was selected for analysis to complement past reduction work,22 and to add 

additional proteins to those previously analyzed.23  

Ribonuclease A (RbA) is a relatively stable protein with 4 disulfide bonds in the 

monomeric structure, shown in Figure 1.2. These disulfide bonds can model the 4 disulfide 

bonds in the quaternary structure of immunoglobins (IgGs). IgGs are not only naturally occurring 

but also are one of the classes of protein-based drugs that are, at the time of writing, being 

heavily researched and developed. IgGs fall into the type of protein-based drug described 

previously as suffering from attempts to manufacture bulk quantities, which makes MS an ideal 

tool to analyze their structure and stability. Since the analytical tool to perform this analysis is 

also under development, using a more cost-effective model protein can also balance the cost and 

time development of the analytical tool will take in early investigations. If there is an impact to 

the structure and stability of RbA, those same experimental conditions may perturb the more 

complex IgGs. 
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Figure 1.1. Ecosystem of acquisition where the uppercase letters correspond to mass 

spectrometry specific processes and where the lowercase letters correspond to the custom 

temperature controlled nESI specific processes that both occur on the same acquisition computer. 

Process A and process a represents that the acquisition computer starts both the MS acquisition 

program and the temperature acquisition program. Process b denotes that the microcontroller 

controls the bulk sample temperature. Process C represents the electrospray process and the start 
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of MS acquisition. Process d denotes the embedded thermistor readback to the microcontroller. 

Process E and process e represent that both MS data and temperature data are exported to the 

acquisition computer. Process F and process f represent the data that is exported from the 

acquisition computer to whatever system the user will analyze on where the temperature-

controlled data and mass spectrometry data are aligned and processed for experimental insight 

into the structure of the protein. 
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Figure 1.2. Ribonuclease A, 3RN3,25–27 where the cysteine residues are shown in blue, and the 

remainder of the residues are green. At the bottom of the image is the N terminus and behind the 

central beta sheet, the C terminus is just visible. Of note is that there are three alpha helices and 

one beta sheet.  
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CHAPTER II 

Software for Acquisition – ptESI-Control 

Introduction 

This chapter describes the approach in developing a new user interface for the software 

associated with the control of the programmed-temperature electrospray ionization (ptESI) 

source. The introduction discusses software definitions, previous methods utilized and their 

unmet needs, and the objectives for the new acquisition method. Next, the methods employed 

throughout the development of the new software are described. This is followed by information 

about the results of the software development process. Finally, there are concluding remarks. 

Overall, the data acquisition process adheres to the design principles of the mzML 

format1 and guidelines set forth by the HUPO PSI.2 Data is acquired using a microcontroller 

programmed using customized version-controlled Python code. This encoded data is sent to the 

acquisition computer to be decoded and parsed into an accessory file designed to be a companion 

file to the mass spectra acquisition files. 

Software Definitions 

This paper will use the following definitions. A user is defined as someone who will 

access and use the software. A developer is defined as someone who interacts with the code base 

with the intention of making modifications. A virtual environment is the programmatic space in 

which Python and associated code is allowed to run on a computer. A class is defined as a set of 

actors within the code base that perform or execute actions. An instance is defined as the code 

base as it exists during the execution of the acquisition software for a single acquisition, after 
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which point the instance is dismissed and is no longer accessible. An object is defined as a single 

instance of a class. Methods are defined as the functions within classes which perform actions. 

Attributes are defined as the information associated with a specific class. Operations are defined 

as commands that allow for interaction with the code base, such as mathematical calculations or 

logical comparisons. Inheritance is defined as the ability to access the attributes of a class or 

object from a connected class in the fashion that the child class or object will inherit attributes 

from a parent class or object. A module is defined as a file containing Python definitions and 

statements. A library is a collection of modules. A package is a specific way to organize modules 

that utilizes an __init__.py file. The phrase package will be used in reference to the installable 

that is added to a virtual environment. The phrase library will be used when referencing the code 

contained within the installable package. A refactor is a process that revises and reformats 

existing code, sometimes optimizing prior algorithms, to align with new or planned systems and 

features. 

Overview of Previous Methods for ptESI 

This section reviews the previous software methods used to acquire ptESI data including 

using a command line interface and a procedural code base. Afterwards, a brief description of the 

unmet needs when utilizing this system is discussed regarding ease of use and ease of future 

updates. 

Command Line Interface 

Previously, data was collected using a command line interface (CLI) where an end user 

would start a windows command prompt, also known as a terminal, and manually type in 

commands for ptESI_Program.py access after commanding Anaconda, a virtual environment 

manager through which Python runs, to activate and navigating to the correct folder where the 
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code allowing programmed temperature control is saved. To increase accessibility and lower the 

barrier to entry for those with less coding background a choice was made to include a graphical 

user interface (GUI) in lieu of a CLI.3 

Procedural Code Base 

The earliest release of the code, the alpha release, 4 was created by a fellow Bush Lab 

member, Christopher J. Weir based on early work done by Dr. Meagan M. Gadzuk-Shea, a 

former Bush Lab member, and was packaged for release by myself after troubleshooting. It uses 

a CLI, and the programming style is distinctly procedural where one line of code happens after 

the next line of code and the entire code base proceeds line by line. This style of coding, while 

operationally works and often proceeds without problems, can increase the difficulty in code 

maintenance, scalability, and can have some security concerns.5,6  

Unmet Needs 

To empower access of the user to the software, the GUI uses a web framework, the Flask 

module, an imported Python library, where all commands, inputs, and outputs are on a single 

page to empower automation for high throughput analysis in the future. 

To make the codebase easier to maintain and update, an object-oriented programming 

style has been developed and adopted. Additionally, this new approach allows for XML based 

logging of code events that can be exported as metadata2, which allows for easier event tracking 

and will empower the development of future features. 

Objectives for New Acquisition Method 

This section discusses object-oriented programming and graphical user interfaces and 

how the use of both was employed for the development of the new acquisition software. 
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Objected-Oriented Programming (OOP) 

Objected-Oriented Programming (OOP) is a method of programming that instead of 

proceeding in a specific order of events, as in procedural programming, organizes code by 

storing information inside of classes that have properties and are then able to do actions, in 

coding terms, having attribution and to executing methods, based on the specific contents, 

whether attributes or methods, of that class. This allows for different classes to be called into 

action at different moments within a codebase. Something of note is that in OOP, code happens 

on an instance basis. This means that when the code is started that the classes are instantiated, or 

turned on, to create an object. In order for the code to proceed with the different stored attributes 

and methods, the object must be referenced, this reference point is called an instance. The 

instance is disbanded at the end of code execution. 

This structure adds a layer of security into the code base for ptESI-Control that was not 

present previously. Some class attributes are designed to be static, for example the 

microcontroller unit can only receive calls at a specific interval, called the sampling rate. This 

value can be set within the class prior to running the code and is inaccessible without creating an 

object instance and even then cannot be changed while the code is running. There are other 

attributes that are designed to be dynamic and updatable while the code is running, for example 

the temperatures that the user wants to investigate. However, this particular attribute is stored 

within the simulation class. Another class, for example the microcontroller class, can call on and 

read the attribute for temperatures, but cannot modify the attribute. This separation of variables 

and classes access to their own and other variables is called encapsulation.  

Encapsulation minimizes interdependencies between modules. In object-oriented 

programming a module is defined as an object. An object is an instance of a class. In this 
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particular project, there are a variety of classes that include, but are not limited to, ports, 

simulation, and microcontroller. In this case encapsulation means that a different temperature 

microcontroller can be onboarded without impact on the port connections or the simulation 

running effectively. These different objects are essentially self-contained and are pooled together 

through running the adjacent Python code. Additionally, implementation of each class and object 

instance is hidden from outside classes or object instances. This protects the internal attributes 

and functions of each class or object instance, and limits troubleshooting to within a specific 

class rather than an entire code base. 

Abstraction has been described as selective emphasis on detail by emphasizing what is 

significant to the user and suppressing what is not7. For this programmed temperature control 

project, it is important to know that there is a significant datetime component, that there is port 

handling, that there is a microcontroller and the specific type of microcontroller, there is the 

generation of a data file, that a thermocouple can be used alongside the embedded thermistor for 

validation of the temperature control, that there is a simulation that can be accessed, that multiple 

cycles can be instituted, and that the programmatic control is enforced using various counters. 

Abstraction also allows for the description of the behavior of an object without referencing direct 

representation. For example, an object instance attribute can be noted to be a list without the 

program actively seeing the variable containing the list.  

OOP essentially allows for a template to be created that is only filled in at the moment of 

code execution, and while the template remains afterwards, the filled in portion is unique to that 

one moment. This idea is in alignment with what having unique experiments where the data is 

limited to that one singular acquisition.  
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Graphical User Interface 

The abstraction that OOP created for this project is further embodied by the graphical 

user interface. This interface system moves the code under the hood so to speak, so that users 

only see the information that is necessary to execute the experiment removing mental load. This 

meets the demand of ease of use. Instead of needing to understand the variables present inside of 

a parameters file that has both changeable and unchangeable variables contained within it, the 

user only needs to answer the questions on the screen and verify that the simulation outputs the 

type of temperature profile that they want to implement and then press a series of buttons to 

control the microcontroller instead of typing code to execute a Python script after navigating to 

the correct directory and activating the virtual environment.  

Methods 

Python Libraries 

A combination of Python libraries were needed to support the development of the 

acquisition software. Included are Python standard libraries, meaning that the library is pre-

installed when using Python, but needs to be declared to become active in the code space, and 

imported Python libraries, which are not managed by Python directly, but can work in concert 

with Python. 

Python Standard Libraries 

In order to support the Python code base a series of previously developed packages are 

implemented in this project. The particular Python version for this project is Python 3.8.17 due to 

a restriction of using the latest version of the Python package pyserial, 3.5, which allows for data 
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transmission through a serial cable from the microcontroller to the acquisition computer.8,9 The 

requisite data transmission is not supported in later versions of Python. 

There are a series of packages that are imported to support the code workflow that are 

considered as standard and as such are built in with Python. This means that no additional 

installation to the virtual environment is necessary. The os package allows interactions with the 

operating system, and in this project, very specifically allowing access to both navigate to project 

specific folders through code execution and to generate and save the output files during code 

execution. The datetime package allows for the manipulation of datetime data, such as recording 

the moment in time that a specific temperature is read and recorded. The datetime library is 

foundational for the real time control of what temperature the microcontroller is set to reach. In 

earlier versions of the code that required the command line interface to operate, interaction with 

a command line from the Python code was required to do things like read out the current 

temperature and the elapsed time for the ongoing experiment. This particular package, argparse, 

is depreciated and removed from the virtual environment for the GUI version of the project. The 

time package is crucial for the programmatic operation of the microcontroller. For our use case, 

the time package allows the code, while it is in the process of executing, to “sleep” or pause for a 

period of time. This prevents the microcontroller from being overwhelmed by requests and keeps 

the code from missing sending specific temperatures to reach, meaning that every identified 

necessary temperature is actually sent to the microcontroller. 

Imported 

There are several Python packages that do need to be installed into the virtual 

environment for the operation of the code. The first of which is specific to command line 

releases of the code and is not included with the GUI version of the code. This package is 
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colorama which allows for more succinct viewing of output information to the command line.10 

While it is not necessary for code function, it does make the command line version of the project 

more accessible for use. Instead, the GUI version of the project requires the installation of the 

Flask and werkzeug packages.11,12 Flask is a Python-specific web-server gateway interface 

(WSGI) web framework that the backend of the GUI is built on and it requires werkzeug as a 

dependency. Werkzeug is a WSGI web application library that handles responses from the 

environ, in other words, utilizing this Python library encodes and decodes information that is sent 

from page to page within the application while adhering to PEP 3333. 

Although these packages discuss viewing the application, there are packages that allow 

for data to be handled and transmitted with the application appropriately. One such package is 

NumPy which allows scientific data management and manipulation.13 Another package that the 

ptESI-Control project requires allows for the creation of graphs and the visualization that 

empowers interpretation called Matplotlib.14  

Additional Python packages enable Python to interact with a microcontroller, in this 

specific project a temperature microcontroller. The first package is pySerial, previously 

mentioned to the limiting factor in what version of Python can be used for this project. PySerial 

is a package that allows Python to connect to a serial port connection.9 This creates the bridge 

between the microcontroller and the acquisition computer allowing for data transmission and 

capture, which is vital to the success of this project. Additionally, a package called mcculw, short 

for measurement computing universal library for windows, allows for interactions with the input 

output products in the Universal Library.15 In this project the input output product that is used is 

the thermocouple that is used to ensure temperature integrity between the programmed 

temperature and the readout temperature. This package is necessary to get the temperature 
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readout from the thermocouple device when it is connected to the acquisition computer and in 

use alongside the ptESI-Control program.  

Organization – Repository  

This acquisition software is designed to be an all-in-one package that is installable. The 

layout of the package is showcased in Figure 2.1 which describes the contents of the code 

containing repository. Data will populate in the data folder throughout the course of the 

acquisition. The backend of the code for the GUI is contained in the blueprints folder, 

specifically within the pages.py file. The frontend of the code is contained in the static and 

templates folders. The code is launched using the configuration provided in the config.py and the 

__init__.py files which merges the backend and frontend of the code together to provide the 

functional GUI. The core_util.py file contains the OOP that is referenced throughout the GUI 

code. The core_ptESI_control.py file is not referenced in the GUI but is still usable as a backup 

and reference point for the order of operations in the GUI, however it utilizes a CLI. The 

setup.py file contains the metadata associated with the acquisition software. The reports folder 

contains the records of acquisition. The references folder contains a guide on using the 

associated hardware. The venv folder, environment.yml, requirements.txt, and .gitignore files all 

contain information about the code space that is utilized by the acquisition software. The 

LICENSE file contains the intellectual property information associated with the acquisition 

software. The README.md file contains information about the acquisition software, 

specifically some other open-source software that is necessary for the full operation of the 

acquisition software. 
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ptESI-Control/ 
|-- data/ 
    |-- interim/ 
        |-- parameters.xml 
        |-- simulation.xml 
    |--[date]_tempdata_[file_tag].xml 
|-- docs/ 
|-- notebooks/ 
    |-- tempprog_examplerun.ipynb 
|-- ptESI_control/ (src) 
    |-- blueprints/ 
        |-- pages.py 
    |-- static/ 
        |-- uploads/ 
        |-- manifest.json 
        |-- ptESI_control_manifest.png 
        |-- ptESI_control_icon.png 
        |-- style.css 
    |-- templates/ 
        |-- errors 
            |-- 404.html 
            |-- 500.html 
        |-- pages/ 
            |-- home.html 
            |-- parameters.html 
            |-- run.html 
            |-- simulation.html 
        |-- base.html 
    |-- __init__.py 
    |-- config.py 
    |-- core_ptESI_control.py 
    |-- core_util.py 
    |-- ptESI_control_icon.png 
|-- references/ 
    |-- How to use the ptESI Source.pdf 
|-- reports/ 
    |-- figures/ 
        |-- temp_prog_sim.png 
    |-- code_events.log 
    |-- figures.mplstyle 
|-- venv/ 
|-- .gitignore 
|-- environemnt.yml 
|-- LICENSE 
|-- README.md 
|-- requirements.txt 
|-- setup.py 

Figure 2.1. The repository organization for the GUI version of the project. 

  



 F a w c e t t  -  P a g e  | 33 
 

Access to Software 

Contact the Bush Lab for access to the ptESI-Control repository. 

Results and Discussion 

This section discusses the design work on the code base and the acquisition software 

generated outputs. The ptESI-Control library was designed utilizing OOP and a GUI specifically 

in a single-page web-framework real-time application factory. The single-page aspect was 

achieved using templates. The web framework leveraged was Python Flask. The real-time 

features were enabled by the utilization of decorators and an OOP code structure. The 

application factory was implemented through the use of the setup.py and __init__.py files 

alongside the use of blueprints. Additional functionality to meet the unmet needs of the previous 

code base include automatic port detection and a specific naming convention for class related 

functions. 

Design of ptESI-Control Library 

This subsection discusses OOP implementation, with an in-depth discussion of 

composition, and GUI creation, especially regarding templates and blueprints and their use. Also 

discussed is the use of decorators and the function naming scheme developed to work with the 

identified actors and their associated actions. Subsequently the added feature of automatic port 

detection to support the ease-of-use goal is discussed. This section wraps up with a description of 

the developed custom code bases for both the OOP and GUI implementations of the acquisition 

software. 

https://www.github.com/bushgroup


 F a w c e t t  -  P a g e  | 34 
 

Object-Oriented Programming 

To meet the unmet need of easily updatable, the procedural code needed to be adapted to 

object oriented programming. To achieve this, I started by identifying the different phases of the 

code base. Ultimately there are three different phases throughout normal operation of the 

microcontroller, an input phase, a processing phase, and an output phase, as seen in Table 2.1.  

After identifying this major component of functionality, I made a list of all the functions, 

the actions, in the code and adapted many operations to be contained within a function, so that 

they would be included. I then evaluated the list of functions to identify how data was being 

transmitted, whether it was from the computer to the microcontroller or the computer to the 

computer, or any other combination.  

Once I had a comprehensive list of data transmission types, I identified the actors, in 

Table 2.11, that were engaging in those data transmission steps. Those actors became the 

building blocks of my object-oriented code. After identifying the actors and their behaviors, I 

updated the function naming scheme to be representative of the behavior of those identified 

actors, Table 2.1. 

These steps allowed me to identify the number and type of classes that would need to be 

built out, and how different classes may need to interact with each other. This interaction piece 

informed the class that functions were migrated into becoming those attributes of the class. After 

the classes and attributes were generated, I was able to identify what information needed to be 

saved to the class indefinitely and what information needed to be updated by inputs from 

someone trying to run a temperature program. These static and dynamic attributes were assigned 

within the class structure. 
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Composition 

Composition was embedded at this design point in the migration from procedural code to 

object-oriented code. Composition is the grouping of ideas, concepts, or actors doing behaviors 

that create something new. For example, the user input parameters with the wave function 

generator function create something new, a simulation. Although this simulation step was 

embedded in all previous versions of the ptESI-Control code and not separated out within the 

code base. I wanted to encapsulate and protect this aspect of the code base specifically by 

carefully designing the class with abstraction and privatization in mind. Essentially, this creates a 

read-only version of the user parameters input and then hides the specific variable information. 

You can see that there is a wave function type selected, but not which specific wave function, 

without the appropriate permissions within an instance of the code.  

This was achieved by creating the class attributes to be protected, for example 

self._wave_type within the SimulationMeta class. These values were then passed through 

inheritance to the Simulation class to get information about the specific values contained within 

an instance. The Simulation class only gives access to the lengths of the submitted lists which is 

also protected. 

Through creating composition, another class leveraged inheritance, the TC720 class. This 

class was created for the model of  the microcontroller currently in use and is set up to inherit 

from the Microcontroller class. This allows for polymorphism. Polymorphism is the ability to 

have different handling within a class based on the subclass that is active. This means that a 

multitude of microcontrollers can have their own subclass within the Microcontroller class, each 

with their own independent Python commands for controlling the solution temperature, without 

needing to update the other classes for the function of the ptESI-Control module. For example, if 
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we onboard a new microcontroller from a different manufacturer, we can follow the suggestions 

of the manufacturer for Python control in a new microcontroller subclass, but the Simulation 

class will function similarly agnostically of this update to hardware due to the newly introduced 

polymorphism in the object-oriented programming version of the code. This phenomenon is 

known as duck typing. If a microcontroller can control temperature, this object-oriented version 

of the code will let it do that while also making the simulation and intaking user identified 

parameters input. 

As a note, this code was developed with doc strings that contain information about the 

concept, the code logic, or the function of each code element. The doc string for each function 

also contains information surrounding the involved actors, their behavior and the requisite inputs 

and what the function will return. 

Graphical User Interface 

After the object-oriented version of the code was released, some beta testing was 

completed and a few bugs surrounding documentation of the temperature during the run were 

corrected. Finally, work on the graphical user interface began. To start, I gave a talk discussing 

both Flask and Django as potential options for the web framework for the graphical user 

interface. After discussion with current users of the command line interface and keeping in mind 

the early identified tenant of ease of update, I opted to endorse Flask, and the group reached a 

consensus. I hosted a short workshop for current users of the command line interface and guided 

them through some questions that led to everyone drawing out what they think the best version 

of the ptESI-Control application could be. I identified some common themes in the differing 

ideas and moved forward with those ideals in mind. I opted to move forward with single page 

web framework real time application factory made by Python Flask.  
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Since Flask uses single requests to perform its operations, meaning one input yields one 

singular output, the object-oriented execution of the code needed to be updated significantly. I 

identified the major code blocks within the object-oriented version of the code. In this case code 

blocks were identified as being mostly self-contained with respect to the required inputs and 

outputs. The major code blocks identified include setting the parameters, executing the 

simulation, and completing the run itself. Having these specific allocated code blocks allowed 

for the creation of web pages that specifically focus on doing only that single action. In other 

words, each code block has a specific input and output, meaning that Python Flask can now 

process requests made to the application and render the information for viewing through the lens 

of the frontend HTML, CSS, and JavaScript (JS) code. The Python code files specifically 

interact with the classes and then Flask encodes the generated outputs for viewing 

Templates – Supporting the Rendering of Visual Information 

These three units, parameters, simulation, and run, have separate html pages with 

embedded JS for Python output processing that are fed into the singular home page. This means 

that all three pages can be seen on the home page, fulfilling the single-page application request 

by group members. This is largely possible due to Asynchronous JavaScript and XML (AJAX) 

that allows for the display of html encoded information without a full page reload, in this 

projects case, by filling in a predefined html template.  

For this project there is (1) a base template, which provides the general outline for all of 

the pages, and contains most of the visual layout properties, (2) a parameters template, which 

sets up the interface to receive parameter input information, (3) a simulation template, which set 

ups the interface to munge, or transform the inputs into new outputs through data transformations 

and processing, (4) a run template, which provides buttons for user control of the run along with 
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status indicators, and (5) a home template, which incorporates the parameters, simulation, and 

run templates, providing the overall interface for the project. Although this requires the 

management of more files, the separate units can be updated independently of each other, 

introducing additional modularity.  

The JS associated with each template is embedded within instead of broken out into 

separate files. While being in separate files would support modularity and easier version control, 

it would add communication overhead, potentially preventing the real-time component required 

by this project. The status and progress updates for the run template would suffer. 

Blueprints – Supporting the Handling of the Application 

The blueprint method of creating a Flask application allows for many instances of the 

same application to run. This decision was made, one for scalability, but also to ensure that every 

time the ptESI-Control module is run that it is run in the same fashion, and to prevent 

information from one run transferring into another run. Each time the application is started, it is 

with fresh input requests. Whenever the application is closed out, the instance and information 

stored in objects is dismissed. This prevents sticky parameters. The implementation of a 

blueprint system uses html templates and changes the structure of the application creation to be 

inside of a function instead of procedurally generated. This adoption is in alignment with the 

goals guiding the previous migration to object-oriented programming. 
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Table 2.1. Object oriented actors and their behaviors according to the phase of the code base. Of 

particular note is that the ports object has no processing behavior and that the microcontroller has 

no outputting behaviors and is the only object with the send behavior in the processing portion of 

the code base. 

 Phases 
Input Processing Output 

Ac
to

rs
 

Date Time Connect Transform 
Retrieve 

 

Ports Connect 
Configure 

 Close 

Microcontroller Configure Transform 
Retrieve 
Send 

 

Data File Connect 
Configure 

Transform Write 
Close 

Thermocouple Connect Retrieve Close 
Simulation Connect Transform Write 
Cycle  Retrieve  
Counter Configure   

 

Decorators 

A coding specific that allows the protection of parameters input information and 

empowers templates is the use of something called a Python decorator, which is denoted by an 

“@” symbol in the code base. For the protection of the parameters input information, both 

property and setter decorators are used. To access the information contained within both 

properties and setters specific access through the instantiated object is required.  

Templates are enabled through route decorators which contain the url of the page of the 

application. The functions underneath that decorator only pertain to that page. It is for this reason 

that all of the Python functions for the distinct html templates are contained within the one 
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pages.py file. The route decorators allow for direct correlation with the associated html 

rendering. There is one other type of decorator used by flask, the after this request decorator, 

which allows for the real-time handling of information from Python munging to displaying the 

information. 

Functions 

Both the classes and attributes in the utility Python file are organized in the order that 

they appear in the procedural code. The classes are named for the actors. The attributes are 

named according to the behavior contained within. Attributes start with only the following 

words: connect, configure, transform, retrieve, send, display, write, and close. Display after the 

original object-oriented programming code was developed to add necessary support for  GUI 

specific rendering of graphical information. The additional words in the attribute naming scheme 

include what the behavior is performed on if not the object itself. For example, the 

transformStartTemperature attribute contained within the simulation class takes the user input 

information from the parameters and extracts and returns the first temperature from within the 

list of temperatures provided by the user. Another example contained within the datafile class is 

the attribute writeInformationToFile. This attribute records the collected information to the run 

output file. 

Addition of Automatic Port Detection 

Automatic port detection was deemed necessary to support the ease of use tenet for this 

project. In previous versions of the project, the port information was included with the 

parameters input file and required users to identify the port that the temperature controller 

connected to themselves. One of the goals of this project was to make the software more “plug 

and play” without the need for additional configuration. This required a programmatic way to 
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identify the connected port every time the temperature controller was plugged in. I added this 

feature by leveraging the included check for the model code for the specific model of 

microcontroller that is currently in use. The object-oriented programming nature of the software 

allows for additional subclasses under the class of microcontroller to be added to add specifics 

for different models of temperature controllers. The code that showcases this automatic port 

detection feature is in Figure 2.2.  

def connectCommunicationFromMicrocontroller(self): 
potential_ports = [f'com{i}' for i in np.arange(0,257,1)] 
... 
for i in range(0, len(potential_ports)): 

try: 
ser = serial.Serial(port=potential_ports[i],  

baudrate=230400, timeout=1) 
... 
check_models.append(TC720.configureSerialCommand( 

TC720, ser,  
TC720.tc720_check)) 

... 
except serial.serialutil.SerialException as err: 

check_models.append([b'*',  
b'X', b'X', b'X', b'X', b'6', b'0',  
b'^', 0, 0, 0, 0, 0]) 

return potential_ports, screened_port_indexes, check_models 

Figure 2.2. Code excerpt showcasing automatic port detection 

Custom Code Base 

Object-Oriented Programming 

For the OOP code base there are three primary files that communicate during the 

execution of the code, the core ptESI control Python file, the core Python utility file, and the 

Python parameters files. Both the contents of the core utility file and the parameters file are 

imported into the core ptESI control file prior to code execution. The core ptESI control file 

cannot be run independently of these two files, requiring the contents of the files.  
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Before the implementation of the OOP code base the only functions that were separated 

from the ptESI program Python file were the wave generation functions which have been 

migrated into the simulation class in the OOP code in a specific wave generation Python file. 

Graphical User Interface 

The core ptESI control Python file is deprecated for the GUI code base but is included, 

and was used, as a reference for the specific order of operations happening within the ptESI-

Control module. The parameters Python file has also been deprecated, the contents of which 

guided the structure of the parameters related components of the GUI. In both the procedural 

code and OOP code the parameters file was used as an input and was stored alongside the data 

output for a record of the run constraints. In the GUI, parameter options are chosen or written in 

within the application interface and an xml file with the parameters values is exported alongside 

the run output to retain a record of the run constraints. The remaining utility file is still in use 

with some GUI support additions and updates within the Python file.  

The full description of file communication while the application is running is illustrated 

in Figure 2.3. The __init__.py file builds the application by calling in all the necessary 

components and setting some defaults like which file types are allowed to be read in and created 

by the application. The create app function within the __init__.py file is used by the pages.py file 

to start blueprint generation. The blueprints, contained in both the html and display sections in 

Figure 2.3, which are written in Python directly communicate with the templates to render the 

code content into a graphical output. The templates contain embedded JS with enable buttons to 

both pass information to and call on the blueprint contents to preform Python programmatic 

processes, in other words the blueprints interface with the classes and allow for their instantiation 
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and enable access to their attributes, and are contained in the Python section in Figure 2.3. The 

templates also provide real-time readouts for the graphical display using embedded JS. 

 

Figure 2.3. Pathway of inputs and outputs within the three primary functions of the run 

parameters generation, simulation of said parameters, and then finally running the experiment 

based on the simulation. 
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Design of Acquisition Log  

The acquisition logs are exported in XML to be in compliance with the Human Proteome 

Organization (HUPO) Minimum Information About a Proteomics Experiment for Mass 

Spectrometry (MIAPE-MS) describes that tools involving data should use XML based systems 

to transport information2. As such, the parameters, simulation, and run information generate 

XML export files after they complete their function. 

The parameters file exports the user input information, as seen in Figure 2.4. The 

simulation file exports the design of the experiment based on the parameters, as seen in Figure 

2.5. The run file exports the information surrounding the microcontroller including the elapsed 

time, the current temperature, the set temperature from the simulation, the power draw, the 

current draw, the heat reservoir temperature, and the current time, as seen in Figure 2.6. 

<?xml version='1.0' encoding='utf-8'?> 
<parameters> 
    <file_tag>example</file_tag> 
    <inc_list>[0.0]</inc_list> 
    <microcontroller>TC720</microcontroller> 
    <mirror>1</mirror> 
    <num_cycles>1</num_cycles> 
    <rate_list>[1.5]</rate_list> 
    <safe_temp>25.0</safe_temp> 
    <temp_list>[10.0, 30.0, 50.0, 70.0]</temp_list> 
    <temp_logger>False</temp_logger> 
    <wave_type>0</wave_type> 
</parameters> 
 
Figure 2.4. Output of the parameters portion of the GUI, parameters_[file_tag].xml 
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<?xml version='1.0' encoding='utf-8'?> 
<simulation> 
    <sim_send_times><time_0>0.0</time_0>...</sim_send_times> 
    <sim_send_temps><temp_0>10.0</temp_0>...</sim_send_temps> 
</simulation> 
 

Figure 2.5. A) Output of the simulation section of the GUI, temp_prog_for_[file-tag].png B) 

Output of the simulation section of the GUI, times_temps_simulation_for_[file-tag].xml. 

<?xml version='1.0' encoding='utf-8'?> 
<run> 
    <time_0> 
        <time_elapsed></time_elapsed> 
        <set_temp></set_temp> 
        <sim_send_time></sim_send_time> 
        <read_temp></read_temp> 
        <logger_temp></logger_temp> 
        <power_level></power_level> 
        <current_output></current_output> 
        <reservoir_temp></reservoir_temp> 
        <current_time></current_time> 
    </time_0> 
    <time_1> 
        ... 
    </time_1> 
</run> 
 

Figure 2.6. Output of run portion of GUI, CCYY-MM-DD_tempdata_[file-tag].xml 
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Conclusions 

For this project, to meet the need for ease of updates, an object-oriented programming 

approach was adopted. After this stage of the project was completed, the graphical user interface 

was implemented to meet the need for ease of use. Additionally, there was an update to how the 

outputs were generated to allow for data stability over time and integration with other developed 

modules. The results of this work can be seen in the v.0.1.0-alpha release as the procedural code. 

The v.0.2.1-beta release showcases the migration to OOP. The v-0.3.0-beta release contains the 

adoption of a graphical user interface. The releases can be found in the Bush Lab organization on 

GitHub. 
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CHAPTER III 

Software for Analysis 

Introduction 

This chapter introduces the concept of data structure within an ion mobility mass 

spectrometry regime and the unmet needs within this space. This is followed by a description of 

past work from which this work can continue development from. 

Data Structure 

In general, a mass spectrometry (MS) experiment will have mass to charge information 

acquired over a number of scans while an intensity that is proportional to the number of ions that 

hit the detector is recorded along these two axes. When ion mobility (IM-MS) experiments are 

completed, an additional axis is added in the form of an arrival-time axis. Arrival times are 

specific to the mobility chamber in a mass spectrometer, and do not represent the total time that 

ions are being transmitted throughout the entirty of the mass spectrometer. This arrival-time axis 

is added to the MS experiment data. With the use of the ptESI source, a solution temperature axis 

is added alongside the scan time axis, or retention time axis, since they are both recorded as 

function of time. With collisional-induced unfolded (CIU) voltages and the calculated 

laboratory-frame energy (LFE), another axis may be added to the experiment if multiple 

acquisitions are taken or the voltage drop is changed throughout the experiment. 
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Figure 3.1. There is a mass to charge axis, panel A, and a mobility axis, panel B. This figure 

shows intensities that have been aggregated across the temperature and scan axes, panel D. Panel 

C depicts the mobility axis as it relates to the mass to charge axis where the intensity shown has 

been aggregated across the temperature and scan axes. As shown in panel D, the scan and 

temperature axes are linked since they both operate as a function of time in minutes. 

The data stratus that is accessible using this system, shown in Figure 3.1, contains a 

wealth of information regarding protein structure. This data shows bins 20 to approximately 100 

and mass to charge ratios (m/z) ranging from 1000 Da to 3500 m/z. The protein depicted is 

Ribonuclease A (RbA). The trapping voltage of this experiment is 5.0 V which allows for the 

most native like structure while balancing ion transmission, other data has a myriad of different 

voltages resulting in various laboratory frame energies. The temperature points range 
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continuously from 10 °C to 90 °C. This run has 5156 scans and lasted for around 85 minutes. 

Aggregation can be performed along any axis: scan and temperature, mass to charge, mobility, 

and laboratory-frame energy. The management of this amount of data can prove challenging.  

Unmet Needs 

As such, the management, alignment, processing, and visualization of the data is 

challenging to store over the lifetime need of the investigator to access said data. Additionally, 

retention of the raw, processed, and visualized data can pose a storage problem. Mass 

spectrometry unprocessed data, while compressed, still takes up many gigabytes (GBs) of 

storage space. The ptESI data, which can often be an hour or longer due to probing a temperature 

range up to 80 °C wide, often occupies 20 or more GBs of storage.  

At the start of this project every researcher would have individual Python environments 

and copies of the jupyter notebooks that were customized. These notebooks were saved at the 

end of the run for every modification within the notebook for each visualization. This 

compounds the data storage issue in GBs of storage, but also in tracking changes and 

modifications. At the beginning, there was a huge demand for version control. 

Prior Work on the Pipeline 

Previously the processing was broken out into individual folders that contained a jupyter 

notebook and required the waters utility folder, the ptESI utility folder, the charge states csv, the 

temperature data file, and the mass spectrometer data file to be moved into the folder for 

processing. This results in multiple copies of the utility folders, raw data, and even jupyter 

notebooks to be generated. This provides the opportunity for incorrect versions of the utility 

folders and outdated functions contained within the jupyter notebook to be used. This initial 
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system is shown in Figure 3.2. Also regenerating the processing done for individual files proved 

to be challenging as the version of the utility folders and jupyter notebooks was not recorded in a 

specific way, requiring the storage of all of the items in a folder to preserve the versions of 

folders and files used. 

As a note, previously temperature alignment to mass spectrometer files was accomplished 

using interpolation.  
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ptESI-Analysis/ 
|-- Characterization_Analysis/ 
    |-- Characterization_workup.ipynb 
    |-- README.md 
|-- MSAvgChg_VsTemp/ 
    |-- ProcessedDataFrames/ 
    |-- ptESI_utils/ 
        |-- ICReadFunc.py 
    |-- [CCYY-MM-DD]_tempdata_[file_tag].txt 
    |-- Mass Spectrometry files/ 
    |-- MSAvgChgVsTemp_Cycling.ipynb 
    |-- README.md 
    |-- charge_mass_ranges_[protein].csv 
    |-- watersutils/ 
        |-- files from Waters SDK 
|-- MSGather_Total/ 
    |-- ProcessedDataFrames/ 
    |-- ptESI_utils/ 
        |-- ICReadFunc.py 
    |--[CCYY-MM-DD]_tempdata_[file_tag].txt 
    |-- MSGather.ipynb 
    |-- Mass Spectrometry files/ 
    |-- README.md 
    |-- charge_mass_ranges_[protein].csv 
    |--watersutils/ 
        |-- files from Waters SDK 
|-- MSGraph_Raw/ 
    |-- Plots/ 
    |-- ProcessedDataFrames/ 
    |-- ptESI_utils/ 
        |-- ICReadFunc.py 
    |-- [CCYY-MM-DD]_tempdata_[file_tag].txt 
    |-- Mass Spectrometry files/ 
    |-- MSGraph_Raw.ipynb 
    |-- README.md 
    |-- charge_mass_ranges_[protein].csv 
    |-- watersutils/ 
        |-- files from Waters SDK 
|-- MSSlice_ByScan/ 
    |-- Plots/ 
    |-- ProcessedDataFrames/ 
    |-- ptESI_utils/ 
        |-- ICReadFunc.py 
    |-- [CCYY-MM-DD]_tempdata_[file_tag].txt 
    |-- Mass Spectrometry files/ 
    |-- MSSlice_byScan.ipynb 
    |-- README.md 
    |-- charge_mass_ranges_[protein].csv 
    |-- watersutils/ 
        |-- files from Waters SDK 
|-- MSSlice_ByTemp/ 
    |-- Plots/ 
    |-- ProcessedDataFrames/ 
    |-- ptESI_utils/ 
        |-- ICReadFunc.py 
    |-- [CCYY-MM-DD]_tempdata_[file_tag].txt 
    |-- Mass Spectrometry files/ 
    |-- MSSlice_byTemp.ipynb 
    |-- README.md 
    |-- charge_mass_ranges_[protein].csv 
    |-- watersutils/ 
        |-- files from Waters SDK 
Figure 3.2. Original repository layout 
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Methods 

For pipeline development, there is no restriction on the Python version, however there is 

a version-controlled environment that goes along with the module, as the primary purpose of this 

custom data analysis module is visualization. Mostly the data is being manipulated in an 

obstructed fashion, meaning that the data is being manipulated without being seen. As such the 

Python library pandas is being phased out in favor of the Python library numpy for manipulation. 

Pandas is still being used to export processed data in a compressed file format. Also of note, is 

the addition of the Python library ElementTree to handle XML type data, which is now necessary 

with the advent of the new Graphical User Interface (GUI) of the ptESI-Control library. 

Python Libraries 

Python Standard Libraries 

This pt-Analysis module is built on Python version 3.11.8 and requires the use of the 

following Python built-in libraries: os, numpy, pandas, ElementTree, datetime, and math.1 The os 

library assists with the management of files. Numpy and pandas both handle the importation of 

files and parse the data contained within the files and further the manipulation of that data. 

ElementTree allows for the parsing of XML data in particular. Datetime allows for the handling 

of date-time information. The math library extends the ability of Python to handle more complex 

mathematical tasks. 

Python Imported Libraries 

This module requires the use of the following imported libraries: 

scipy.optimize.curve_fit, scipy.interpolat.interp1d, scipy.signal, and matplotlib.2,3 It is likely that 

other scipy functions may be imported in the future as the analytical power of the pt-Analysis 
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module expands. The scipy modules listed here assist with the handling and manipulation of 

temperature related data, especially as it relates to mass spectrometry data. Matplotlib is a library 

that allows for the visualization of data. 

Custom Libraries 

The Mass Lynx software development kit v4.6 (Waters Co., Wilmslow, UK) is used to 

extract mass spectral data from mass acquisition files, this will be referred to as watersutils 

throughout this work. While presently, pt-Analysis is specific to Waters mass spectral acquisition 

files, there are plans to onboard both the open source mzML file type and ThermoFisher mass 

acquisition file. There is a custom developed Python module called ptESI_data_utils that 

contains object-oriented code that will be discussed in the results section.  

Other Required Files 

Mass spectrometry files are required and should be stored in the data folder in the raw 

folder. Files stored in the raw folder will retain their state and not be modified throughout 

running the pt-Analysis module. Associated temperature files should be stored in the raw folder 

as well. If using the alpha or beta releases of the ptESI-Control module for acquisition, know that 

there is a method to convert the txt file to an XML file for backwards compatibility support. 

Prior to using the pt-Analysis module, evaluate the collected mass spectral data and 

designate mass to charge regions of interest. For proteins, this may look like identifying the mass 

ranges for the charge states without the additional adducts, retaining only the primary peak for 

analysis. There is a template for this file, currently a csv, called 

“protein_charge_state_ranges.csv”, see an example of the contents in Table SX.. If working with 
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multiple files, like often happens with collisional-induced folding (CIU) workflows, a helper txt 

file can be made to identify the file names to be gathered together for analysis. 

Results and Discussion 

This section includes the resulting repository design and code refactor. There is 

discussion surrounding modification made to the repository and the pre-existing code base. The 

code refactor section discusses the migration of code that was retained in separate jupyter 

notebooks into one version-controlled objected oriented programming style utility python file. 

This file can be accessed via a python script for each manuscript or figure in a manuscript or in a 

more day-to-day use jupyter notebook that is more customizable as a workspace. The code 

refactor subsection frames this discussion in steps taken to address preprocessing, general 

processing, and specialized processing. 

Repository Design 

The first update to the pt-Analysis codebase was a repository reorganization. The original 

layout is shown in Figure 3.2. In this repository format, the acquisition files, mass and 

temperature, were moved into individual folders containing jupyter notebooks for processing 

alongside the in house watersutils, the in house ptESI_data_utils, and the 

protein_charge_state_ranges.csv, or the files were copied and pasted. This format required 

independent file processing, meaning if you needed to do two of the processing tasks contained 

in two jupyter notebooks, the processing of the mass spectral data needed to happen twice. This 

is often the longest part of processing due to the challenges listed in the introduction regarding 

the amount of data contained within. As such, moving to do this extraction a single time for both 

processing tasks would speed up processing. 
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With this in mind, a data folder, with raw and processed folders contained within, was 

introduced to the repository, and all of the jupyter notebooks were migrated into a notebooks 

folder to allow for all notebooks to access the data notebook in a similar fashion. This decision 

will support later automation. 

Other Modules 

Independent module folders were also added to the home directory. This includes the 

watersutils folder and the ptESI_data_utils folder. Along the way in learning about processing 

the mass spectral data associated with ptESI-Control type data, another module called 

waters2numpy was developed in house to support limitations associated with RAM that may be 

found on common workstations. One of the goals of this project is accessibility, which means 

that the processing needs to support systems that have less RAM. I completed processing on 

DDR3 32 GB of RAM. The addition of the waters2numpy processing module empowered 

reading in over 5000 scans for pt-Analysis. The version control of the ptESI_data_utils folder is 

associated with the pt-Analysis module and will be discussed in depth here. The version control 

for both watersutils and waters2numpy is maintained separately and will need to be retrieved 

from Waters Co., it is free with proof of ownership or warranty of a Waters mass spectrometer, 

or from the Bush Lab if not found on GitHub, respectively. The waters2numpy module does 

require use of the Mass Lynx software development kit v4.6 (Waters Co., Wilmslow, UK). Other 

manufacturers may require different types of preprocessing. 

Style File 

A reports folder was added to the home directory, and contained within is a figures folder 

and a style file that contains the parameters used to generate the figures within the folder. The 

style file contains parameters that are used in house, but can be modified to suit the preferences 
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of the user. This information was migrated out of the jupyter notebooks for version control, but 

also to reduce the amount of cluttering type information contained in the juyter notebooks to 

make it easier to see what is going on in the processing steps. This idea is known as abstraction. 

The focus of this module is on data processing, and while visualizations are a part of that 

process, often times a standard format that is suited for academic publishing is sufficient for the 

in house use cases of this pt-Analysis module. As such removing the parameters from the 

workspace and instead importing a version-controlled document contain said parameters is 

sufficient.  
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ptESI-Analysis/ 
|-- data/ 
    |-- raw/ 
        |-- Mass Spectrometry files/ 
        |-- [CCYY-MM-DD]_tempdata_[file_tag].xml 
    |-- interim/ 
    |-- processed/ 
        |-- [YYMMDD]_[file_tag]_ProcessedData.h5 
        |-- [YYMMDD]_[file_tag]_ptMassAlignment.xml 
|-- LICENSE 
|-- notebooks/ 
    |-- MSRaw_Data_Processing.ipynb 
    |-- MSAvgChgVsTemp_Cycling.ipynb 
    |-- MSGather.ipynb 
    |-- MSGraph_Raw.ipynb 
    |-- MSSlice_byScan.ipynb 
    |-- MSSlice_byTemp.ipynb 
    |-- CIU.ipynb 
    |-- ptESI-Trial-Comparison.ipynb 
    |-- cIMS_Analysis.ipynb 
|-- ptESI_data_utils/ 
    |-- ICReadFunc.py 
    |-- ptESI_data_utils.py 
|-- references/ 
    |-- charge_mass_ranges_[protein].csv 
    |-- temperature_helper.txt 
    |-- voltage_helper.txt 
    |-- time_helper.txt 
|-- reports/ 
    |-- figures/ 
    |-- figures.style 
|-- waters2numpy/ 
    |-- src/ 
        |-- waters2numpy.py 
    |-- README.md 
|-- watersutils/ 
    |-- files from Waters SDK 
|-- [experiment].py 
|-- environment.yml 
|-- README.md 
|-- requirements.txt 
 

Figure 3.3. New repository layout 

These changes resulted in a repository that contains a single copy of each document that 

is version-controlled either by this pt-Analysis module or by another version-controlled module, 

as can be seen in Figure 3.3. Where the color coding matches that of Figure 3.2. This approach 

also has the benefit of assisting with long-term data retention. Since the pt-Analysis module is 

version controlled, when a publication, like this one, is made the version of the module can be 

listed alongside the publication and should figures or additional data need to be interpreted, then 
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that same version of the codebase can be used. This type of structure will allow for historical 

context to be applied to future work. Additionally, it means that only the code version and the 

raw data need to be stored, and that figures can become optional storage. 

Code Refactor 

After reorganizing the repository, all of the code contained in the various jupyter 

notebooks needed to be organized into a format that allows for automation and version control. 

As such, raw code was migrated into functions. Those functions were then migrated into classes. 

These classes were migrated into the ptESI_data_utils.py file contained in the ptESI_data_utils 

folder.  

The ICRead_Func.py file was used at the beginning of the project for some notebooks 

and is included to retain backwards compatibility. The only function inside handles extracted 

charge states from the total ion chromatogram and storing this extracted ion chromatogram type 

data in an interim or processed data file depending on the notebook accessing the extracted ion 

chromatogram information.  

Currently, at the time of writing, with the new advent of the waters2numpy module still 

in troubleshooting and this historic py file, the processed mass spectrometry data storage method 

is in flux, with some uses in the historic and some in the new waters2numpy, namely the 

mobility type data for ptESI-Control experiments. The processed file type will be h5. This report 

will focus primarily on processing the temperature associated data with the understanding that 

the processed data can be read into the workspace alongside either the historic py file mass 

processing or the waters2numpy file mass processing. 
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After creating the various functions needed to recreate the workflows inside the jupyter 

notebooks that I was more familiar with, including: MSAvgChgVsTemp_Cycling, MSGather, 

MSGraph_Raw, MSSlice_byScan, and Characterization_workup, I noticed some common 

themes. Mass data needed to be extracted using watersutils and temperature data, where present, 

needed to be aligned with the extracted mass data. After this initial mass data extraction, some 

processing into an extracted ion chromatogram from a total ion chromatogram may take place, 

almost always with extracting charge states using the protein_charge_state_ranges.csv file. The 

MSGraph_Raw visualized the total ion chromatogram. The MSGather and MSSlice_byScan 

notebooks both visualize extracted ion chromatograms, via charge states and via user defined 

scan intervals respectively. The MSAvgChgVsTemp_Cycling notebook also utilizes the 

extracted ion chromatogram for charge states.  

This led to the development of the various classes. There is further delineation based on 

the type of data being processed as well. Temperature data alone and mass data alone have their 

own class, ptlog and masslog respectively and the combination of mass and temperature data is 

ptmasslog. There is a file processing class and a data processing class.  

The file processing class reads in the various files in the repository so that files can be 

read into the workspace and exported from the workspace, such as extracting the mass data from 

the raw data folder and then getting the extracted ion chromatograms of the charge states and 

exporting these extracted ion chromatograms to an h5 file to the processed data folder and 

sending the MSGraph_Raw visualizations to the figures folder. The file processing class handles 

file manipulation including the repository folders and also the names of the files in the raw data 

folder. These files in the raw data folder are differentiated using an algorithm that handles all of 

the files present and sorts them into mass data, temperature data, and other types of data. 
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Currently this is based on the Waters proprietary naming conventions and can be updated to the 

system in use.  

Preprocessing 

The data preprocessing class has many subclasses including the aforementioned ptlog, 

masslog, and ptmasslog. In the masslog class is the WatersSDKInternal class which actually 

houses most of the mass extraction functions. The reasoning behind this choice is that other 

manufacturers can be added as additional subclasses to the masslog class, including the open 

source mzML file processing. As a subclass to the WatersSDKInternal class is an instrument 

specific class, cyclicInternal class. Sometimes manufacturers will update their file organization, 

so for the file organization structures that are specific to a generation of instrument, subclasses 

can allow for support of all generations of mass spectrometers in a laboratory. In our case, this 

was implemented to support onboarding the Waters Synapt G2 HDMS hybrid mass spectrometer 

(Waters Co., Wilmslow, UK) modified with an RF-confining drift cell containing nitrogen gas, 

as described previously4 for analysis utilizing this analysis system.  

Additionally, there is a mobilitylog subclass to the data preprocessing class, as it has 

become more common to collect ion mobility data alongside the mass spectral data. The masslog 

classes focus primarily on data that only intensity for mass channels. The mobilitylog class needs 

to be broken out from the masslog class due to a change in how the data is structured. Along with 

intensity for mass channels, an additional metric, mobility bins, which are measured in 

milliseconds, needs to be considered. Generally, mass channels are aggregated and intensity as it 

relates to arrival time is displayed, as seen in Figure SB1. However the ability to use the masslog 

class to showcase intensity as it relates to mass to charge ratio is retained. In this case, the 

mobility bins are aggregated, displaying intensity as it relates to mass to charge ration. 
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The ptmzlog is another subclass of the data preprocessing class that allows for the pt-

Control output data to be used in tandem with mass spectral data. The sampling rate of the mass 

spectrometer is likely different than the sampling rate of the temperature controller used in the 

ptESI-Control experiment. Due to a differing sampling rate, an alignment of data is required. 

Additionally, it is likely that the temperature controller and mass spectrometer have different 

start times due to the manual nature of having to hit a start button for both the temperature 

controller software and the mass spectrometer software. There is future potential for automation 

utilizing the automation software for the mass spectrometer, especially in a liquid 

chromatography injection regime, we currently utilize direct injection, and further development 

on the ptESI-Control GUI to enable automation. Due to both the manual start of both systems 

and the differing sampling rates, an alignment of the temperature data to the mass spectral data is 

necessary. 

Alignment of Temperature and Mass Acquisition Data 

A visual of the reason for alignment is present in Figure 3.4. Along the mass axis, there 

are a number of events that record mass to charge at a specific time point, retention time in 

minutes. Along the temperature axis there are a different number of events that record 

temperature at a specific time point. The incident time points for both mass and temperature will 

likely differ by a number of seconds, which is important when one of the recorded metrics, 

namely ion mobility, has a value that is several magnitudes smaller than the minutes that 

retention time per mass to charge scan is recorded.  

The incident time alignment was completed prior to this work. The previous temperature 

alignment was completed using interpolation, which may accurately give the temperature at that 

time point, but will not necessarily reflect the temperatures that the ions accumulating for the 
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next mass to charge recording event were subjected to. The aim of the temperature alignment in 

Figure 3.4 aims to address this. This technique aims to implement a weighted sum approach to 

accurately reflecting the temperatures that the ions were subjected to in the accumulation phase 

for the mass to charge recording event. As such, the first identified time cutoff reference is the 

end of the mass to charge recording event. Meaning that temperature after the mass to charge 

recording event are not considered for that recording event. For example, in Figure 3.4, the Y 

time duration in the mass axis is reflected in the alignment of temperature by only considering 

time points in the temperature axis prior to the F time duration. Additionally temperature 

duration considered for a different time duration on the mass axis, such as X in Figure 3.4 along 

the mass axis, will not be considered for the temperature alignment for mass duration Y. 

Meaning that the entirety of A, the entirety of B, and the first portion of C will not be considered 

in the temperature alignment for the mass duration Y. The temperature alignment for mass 

duration Y will consider the second portion of temperature for temperature duration C, the 

entirety of temperature duration D, and the first portion of temperature duration E.  
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Figure 3.4. There is a mass axis where single scans have a duration and a temperature axis where 

temperature is steady for a duration. The sum happens along the mass axis, meaning that labels 

W, X, Y, and Z have the sum aggregation of solution temperature data. The multiplier is 

provided by the temperature axis with label A, B, C, D, E, and F. The duration creates the 

weights, both scan time and temperature time duration are used flexibly throughout the total run 

time in order to generate the weight. Once the weight is known it is multiplied by the multiplier 

and these values are summed along the W, X, Y, and Z mass axis. This sum is exported 

alongside the scan number. 

Due to the mass to charge recording event timing often bisecting the temperature 

recording event timing, a temperature point may be applied twice for two different scans as in 

the first portion of C in Figure 3.4 along the temperature axis being applied to mass to charge 

recording event X and the second portion of C being applied to the next mass to charge recording 
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event Y as well. However, the bisection is almost never equal and may vary in duration. So the 

duration of the temperature axis C is split unevenly between mass scan X and Y. As such, the 

applied temperature duration is used as a weight multiplied by the temperature. Each fractional 

temperature for a mass time duration is summed, creating this weighted sum approach.  

To implement this weighted sum in a flexible fashion, a customized algorithm was 

developed to also handle edge cases such as the first mass scan duration and the last mass scan 

duration, and instances where there are a varying number of temperature time durations for each 

mass scan duration. This phenomenon is likely caused by latency in data transmission. In Figure 

3.4, the mass time duration and the temperature time duration are shown as being equal 

throughout, but in practice this is often not the case, which creates space and time for an 

additional temperature duration needing to be accessed within a single mass time duration. This 

weighted sum is a method in the ptmzlog class, allowing for other methods to be developed in 

the future such as the implementation of a Riemann sum approach. 

After this alignment is completed, a temperature for each scan is exported in an XML file 

that can be read into the workspace to create a one-to-onealignment between either the scan 

number or the retention time for each scan in the masslog. 

All of these tasks are described as preprocessing in the codebase and are stored and 

accessible in the data preprocessing object. There are m/z data related tasks and temperature data 

related tasks, and the combination of the two in the preprocessing class, as described in Figure 

3.5. There are two other primary classes including the general processing class and the 

specialized processing class, also depicted in Figure 3.5. 
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Figure 3.5. pt-Analysis processing module components.  
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General Processing 

In the generalized processing class, there a many functions related to generating 

visualizations for a total ion chromatogram and for generating visualizations that extract 

information from the total ion chromatogram, see an example in Figure SB1, either extracting 

charge state information, see an example in Figure SB3, or the mass-spectral information for a 

specific temperature, see Figure SB2 for an example, or for a customized range, often used to 

check the status of the mass spectral data throughout the run. 

Records of Run 

This collection of methods in the general processing class can effectively recreate the 

real-time readout displayed in the acquisition software of the mass spectrometer. This means that 

the general processing class can years down the road display what happened throughout the 

experiment, either to remind the user what happened or to show to others their observations in 

real time. This class has been used to effectively show an entire mass spectral acquisition using a 

gif or mp4 file format. This is especially effective in conjunction with ptESI-Control experiments 

to watch the mass spectral data change as time progresses, allowing for the observation of 

additional charge states as temperature shifts. An example of this type of generalized processing 

is in Figure SB1. 

The Characterization_workup visualizations were migrated into the ptlog class as they 

only utilize temperature information. There are two visualizations of note, the first plots the 

temperature program against the thermistor readback and the heat sink temperature along with 

the power and current draw, which can be seen in Figure SB5. This visual provides information 

about experimental temperature and theoretical temperature. It also shows some information 

about the power draw, which can help with troubleshooting if there seems to be thermal lag. The 
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current draw shows the function of the solid-state heat pump, again empowering troubleshooting 

of the hardware of the ptESI-Control temperature controller. The second visualization 

specifically investigates the difference between the experimental temperature in the thermistor 

readback and the theoretical temperature in programmed temperature, and an example of this 

visual can be seen in Figure SB6. 

Specialized Processing 

Specialized processing often requires specific types of information. This type of 

processing requires diving deeper into the metadata to extract experimental run information, 

especially in the case of ion mobility. While creating the arrival time distribution for the entire 

run, where all scans are aggregated together, is not difficult, there have been some interesting 

challenges in accurately representing the arrival time axis.  

One of the challenges involves reliably extracting the separate step information. Ion 

mobility often has an injection time, a separate time, and an ejection time. Since mobility is a 

time bound dimension, ensuring that these times, injection, separate, and ejection, are reported 

accurately is crucial in accurately reporting the arrival times which can lead to a collision-cross 

section calculation. Ensuring that this size is appropriately represented is important to 

understanding protein stability, especially if that collision-cross section shifts alongside the 

temperature in a ptESI experiment.  

The other challenge posed by the ion mobility processing relates the discussion in the 

unmet needs section surrounding the amount of data that needs to be processed. It has been rare 

that my RAM has not been maximized when processing multiple data files. Little by little 

improvements to the data analysis pipeline have reduced the amount of time that I have spent 

waiting for RAM processing. One of these improvements was reorganizing the repository to 
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support more complex analysis, but many of the improvements have been optimizing prior code 

throughout the refactor and update process.  

To the average charge state associated specialized processing, the ICRead_Func.py 

functions preform the charge state extraction, the inputs to the function were updated to align 

with the new repository structure. This function contains code to generate both the extracted ion 

chromatogram processed mass spectral data file and for a visualization of the selected mass 

spectral information that is selected for each charge states to migrate to the extracted ion 

chromatograms, as seen in Figure SB3. This useful quality check type visual was moved into its 

own function so that it may be accessed separately from creating the extracted ion 

chromatograms. I developed some additional visualizations surrounding the tracking of charge 

state abundance over time. 

Conclusions 

This specialized processing is highly collaborative and ever changing as experiments and 

their results guide the need for certain types of post processing and visualizations. Ultimately the 

class structure allows for additional expansion to support the ever-changing needs of the user. It 

would be ideal to at the beginning of an experiment to create an executable Python file or a series 

of Python files that are directly associated with the needs of the experiment. These Python files 

can be stored alongside the raw data files for long term data storage. To develop these Python 

files, a jupyter notebook can be utilized to explore the available figures. Once the jupyter 

notebook on a fresh, just opened kernel, can run every cell without error, each code containing 

line can be put into a new Python file which can be run in an integrated development 

environment, such as Visual Studio Code, which is used in house, or can be run directly from the 
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command line. As for future work, some effort for processing multiple files with one command 

has been attempted, but batch processing is necessary.  
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CHAPTER IV 

Combining ptESI and Collision-Induced Unfolding 

Introduction 

Native mass spectrometry (MS) has a helpful tool in the bioanalytical space, especially 

regarding structure of macromolecules, including proteins1. Ion mobility (IM) is a gas-phase 

structural tool that is of use in the bioanalytical space, especially in the case of proteins. In IM, 

charged ions experience collisions with a neutral background gas as they move through a drift 

region containing an applied electric field. The time that the ion spends in the drift region is 

inversely proportional to the mobility of the ion and may be used to acquire a rotationally 

averaged metric collision cross section (CCS), which is a structural parameter that is 

representative of the surface area of the ion.2 In short, IM-MS can separate ions based on their 

shape, size, and charge. Results from IM-MS studies have been used to elucidate copopulated 

protein conformers for insights into protein structures utilizing charge state ions and CCS. 

Protein CCSs have proven to be challenging to capture due to the inherent dynamicity of this 

type of biomolecule. This difficulty in uncovering protein CCSs allowed for the development of 

collision induced unfolding (CIU), which has been documented to observe gas-phase shifts in 

stability.3,4 In a CIU measurement ions are activated in the gas phase via a stepwise ramp in 

collisional activation. As a biomolecular ion is activated, it unfolds, changing the drift time 

measuring in IM. For the stepwise ramp in collisional activation, the IM-MS measurements will 

record the ion unfolding as a function of collisional activation as compared to a change in ion 

drift time or CCS, as can be seen in Figure 4.5. The unfolding pathway in a CIU measurement 
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represents the stability of the ion, and structural changes of an analyte can result in detectable 

shifts in this stability. CIU has been shown to reflect solution phase stability shifts in 

antibodies,5–7 even those with disulfide bonds.8  

Temperature-controlled electrospray ionization (tcESI) sources have been utilized to 

modify the temperature of a solution containing sample in the ESI capillary and when detecting 

using MS have resulted in probing the stability of noncovalent complexes.9 Variable-temperature 

ESI (vtESI) investigating the (un)folding of protein monomers and complexes and the transition 

state thermochemistry of IgG antibodies have previously been completed. 10,11 Many 

temperature-controlled sources use resistive heating or thermoelectric devices and experiments 

are performed in a stepped temperature fashion. Incubation is performed at a selected 

temperature and spectra are acquired after each incubation step. 12–18 Rapid acquisition using 

“digital heating” has been completed previously. 19 In these techniques the metric of average 

charge state is used to characterize the (un)folding of proteins when analyzed using MS. The 

protein will unfold with increasing temperature allowing for a rise in surface area on the protein. 

This allows for additional protonation sites to become accessible, thereby shifting the charge 

state distribution to higher charge states. This data is often visualized in average charge state 

versus temperature plots similar to Figure 4.2. The sigmoidal response of average charge state 

with respect to temperature can be fit, described previously,20 and the inflection point of the 

curve calculated for to yield the midpoint transition temperature (Tm). Alternatively, folded and 

unfolded charge state distributions may be used to find the Tm by calculating the relative 

abundance of each with respect to temperature and finding the point at which the folded and 

unfolded distributions intersect19  
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Materials and Methods 

Sample Preparation 

Ribonuclease A (bovine pancreas, R6513) was purchased from Sigma-Aldrich (St. Louis, 

MO). The RbA stock solution was prepared at 50 μM in aqueous 200 mM ammonium acetate at 

pH 7 and exchanged (final concentration 20 μM) into fresh aqueous ammonium acetate using 

Micro Bio-Spin 6 columns (Bio-Rad, Hercules, CA) in order to desalt. The final protein 

concentration of RbA was 10 μM, achieved by dilution using 200 mM ammonium acetate at pH 

7, for solutions subjected to MS analysis.  

ptESI and Mass Spectrometry Settings 

Five μL of  solution was loaded into a borosilicate glass capillary (1.00 mm O.D., 0.78 

mm I.D.) that was pulled to a 1-3 μm tip (Sutter Instruments P-97), then inserted into the ptESI 

source held at 10 °C for ptESI experiments and 25 °C for CIU and ptESI-CIU experiments. The 

ptESI source and a Waters SELECT SERIES Cyclic IMS system21 were used for all 

experiments. A platinum wire electrode was used to make electrical contact with the solution for 

electrokinetic ESI22 for all experiments. Electrospray was established by applying 0.4 to 0.8 kV 

of potential to the electrode. Mass spectra and ion mobility data were acquired at a rate of 1 

scan·second-1. Mass spectra were calibrated using ESI-L LCMS Tuning Solution (G1969-85000, 

Agilent, Santa Clara, CA). Mass spectral data was acquired using the associated flexible 

instrument control software21 and extracted for analysis using the Mass Lynx software 

development kit v4.6 (Waters Co., Wilmslow, UK). Temperature data was acquired using the 

ptESI-Control platform. Data analysis was completed using the extracted mass spectral data 

alongside custom Python tools developed in house using the pt-Analysis platform.  
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For ptESI experiments, a temperature gradient of 10 °C·min-1 going from 10 °C to 90 °C 

with 1 minute of incubation at the following temperatures: 10, 25, 37, 45, 60, 75, and 90 °C, 

were used to evaluate protein unfolding, shown in Figure 4.1. The extracted ion chromatograms 

for each charge state are generated using specified mass ranges and the average charge state is 

calculated using the intensity of the extracted ion chromatogram as a weight for each charge 

state. Temperature readings from the embedded thermistor in the ptESI source are used to link 

experimental time and block temperature. 

For CIU experiments, at 25 °C, arrival time distributions of RbA were measured using 

the traveling wave cyclic ion mobility cell filled with 2.24 mBar nitrogen. CIU was monitored in 

the trap cell filled with Argon as a function of the voltage drop used to accelerate ions into the 

trap cell prior to IM separation. The monitored voltage drops included: 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 

6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, 9.5, 10.0, 10.5, 11.0, 11.5, 12.0, 12.5, 13.0, 13.5, 14.0, 14.5, 15.0, 

15.5, 16.0, 16.5, 17.0, 17.5, 18.0, 18.5, 19.0, 19.5, 20.0, 25.0, 30.0, 40.0, 50.0, 60.0, 70.0, and 

80.0 V. RbA charge state 7+ was included for this analysis. Since RbA 7+ showcases two 

features on the arrival time distribution, an early feature and a late feature, with an inflection 

point, this inflection point can be used as a division between the early and late feature, as 

showcased in Figure 4.8, Panel A. Arrival times prior to this inflection point in this study were 

considered to be more folded and arrival times after this inflection point in this study were 

considered to be more unfolded. Using the normalized intensity, calculated by taking the 

intensity of the extracted 7+ arrival time feature divided by the intensity of all arrival times, the 

more unfolded population, or the later arrival time feature, is taken to be a fraction of the total 

population, which contains both folded, earlier arrival time features, and unfolded, later arrival 

time features, populations. This fraction in this study was considered to be the relative unfolded 
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population. This relative unfolded population amount was related to the monitored voltage drop 

in the trap region of the Waters SELECT SERIES Cyclic IMS system21. 

For ptESI-CIU experiments, the solution temperature was set to 25 °C initially and then 

moved to one of the following experimental temperatures: 10, 25, 37, 45, 60, 75, or 90 °C prior 

to the beginning of acquisition. The voltage drop was set to 5.0 V initially and then moved to one 

of the following experimental voltage drops: 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 

9.0, 9.5, 10.0, 10.5, 11.0, 11.5, 12.0, 12.5, 13.0, 13.5, 14.0, 14.5, 15.0, 15.5, 16.0, 16.5, 17.0, 

17.5, 18.0, 18.5, 19.0, 19.5, 20.0, 25.0, 30.0, 40.0, 50.0, 60.0, 70.0, or 80.0 V. Every combination 

of experimental temperatures and voltage drops were acquired. The relative unfolded population 

as it relates to the monitored voltage drop in the trap region of the Waters SELECT SERIES 

Cyclic IMS system21 was tracked alongside the solution temperature. 

While most of these figures were produced using in house Python software, further edits 

were made using Inkscape23 and GIMP24. 
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Figure 4.1. Temperature program used in ptESI based experiments 

Results and Discussion 

Using ptESI to Study Protein Unfolding 

In previous work,20 both lysozyme and ubiquitin exhibited an unfolding curve visualized 

by comparing average charge state to temperature. The curves were repeatable over a number of 
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cycles and between replicates with a tight sigmoidal response of average charge state to 

temperature. This work aimed to add to the body of proteins studied by evaluating Ribonuclease 

A (RbA).  

Initially, with similar testing conditions to past work, an average charge state response as 

a result of temperature change was recorded. Variation in the sigmoidal distribution as the 

temperature increased was observed, with less response from the average charge state compared 

to past work. With RbA, the average charge state ranges only from around 6.8 to 7.8, a spread of 

a single additional charge from the beginning of the cycle at low temperature to the end of the 

cycle at higher temperatures, as seen in Figure 4.2. Average charge state is calculated from the 

extracted ion chromatograms for each charge state where the intensity functions as a weight.  
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Figure 4.2. Average Charge State vs Temperature plot for RbA at 7.0 pH. The temperature 

program used in this experiment ranged from 10 °C to 90 °C with 60 second holds at 10, 25, 37, 

45, 60, 75, and 90 °C. The additional density seen at these temperatures can be explained by the 

additional number of data points collected during the hold period. 

pH 

The lack of an upper asymptote may suggest that RbA is too stable to fully unfold with 

these experimental conditions. Past work20 has successfully decreased pH in lysozyme to 

destabilize the structure in order to fully unfold. This, however, does not explain the variation in 

average charge state distribution at higher temperatures as compared to lower temperatures. RbA 

1 from pancreatic bovine sources and RbA 1 in humans have a different optimal pHs.25 While 

the selected pH of 7 is closer to the native pH in humans, pH = 7.3, it is not similar to the 
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biologically active pH of pancreatic bovine RbA, pH = 6.0.25 This corroborates the indication 

that the missing upper asymptote in Figure 4.2 indicates that the experimental pH is too high and 

should this ptESI experiment be repeated, a pH of 6.0 for bovine pancreatic RbA 1 should be 

selected or that a pH of 7.3 should be used with a new source of bovine brain RbA for activity 

most similar to that of human RbA 1. A pH of 7 for pancreatic bovine RbA was selected in part 

to preform intact analysis to compare to other work26 completed in RbA reduction. The variation 

of average charge state as compared to temperature may be explained in part by utilizing a non-

optimal pH for enzymatic activity of bovine pancreatic RbA 1. Additionally, there may be some 

introduced variation in the gas phase pH as a result of the ESI process.27 

Ion Mobility 

After observing the variation in average charge state, to further probe sources of 

variation, ion mobility data was collected, and the resulting arrival-time distribution (ATD) is 

shown in Figure 4.3. This additional metric was selected because average charge state as it 

relates to temperature has been shown to be similar to folded and unfolded abundance as it 

relates to temperature. IM-MS type data was added because ion mobility has been shown to shift 

alongside average charge state as they relate to temperature.16 The arrival time distribution of 

each charge state through the duration of a ptESI experiment can be seen in Figure 4.3. As can be 

seen in Figure 4.3, the ATDs for many of the charge states exhibit multiple peaks, corresponding 

to an early arrival time and a late arrival time, and for charge state 6+, an even later arrival time 

feature can be seen. This suggests that over the duration of a ptESI experiment that folded, 

unfolded, and extended structures may be accessed. The 7+ charge state for RbA was selected 

for additional analysis because it had the highest relative abundance. The ATDs of 7+ RbA for 

different temperature states throughout a ptESI experiment can be seen in Figure 4.4. For the 
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early arrival time feature, at lower temperatures the peak is more intense, and as the temperature 

increases the late arrival time feature increases in intensity. This suggests that the early arrival 

time feature is folded, and the late arrival time feature is unfolded, as it is known that at higher 

temperatures there is a higher average charge state suggesting more available surface on which a 

charge may be applied. While this is the general trend, temperatures 75 °C and 90 °C may be 

showing a different subpopulation within the folding and unfolding curves. This is evidenced by 

the shift in midpoint for both of these curves as compared to other temperature states. This 

deviation in ATD may explain the variance in average charge state at higher temperatures seen in 

Figure 4.4. This deviation merited additional investigation. Collisional-induced unfolding (CIU) 

was onboarded to the ptESI system in order to understand the additional subpopulations of RbA 

that may be present, as has been shown to be effective in prior work.28 
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Figure 4.3. Arrival time distribution (ATD) for RbA throughout a cycling experiment. The 

temperature program used in this experiment ranged from 10 °C to 90 °C with 60 second holds at 

10, 25, 37, 45, 60, 75, and 90 °C. 
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Figure 4.4. ATD for 7+ RbA for during a cycling experiment with a temperature gradient of 

10 °C·min-1 going from 10 °C to 90 °C and 1 minute of incubation at the following temperatures: 

10, 25, 37, 45, 60, 75, and 90 °C for three cycles. The 1-minute incubations were extracted for 

each temperature condition to construct this ATD. 

Using CIU to Study Protein Unfolding 

At 25 °C, selected laboratory frame energies (LFE) were evaluated from the total list of 

applied trap voltage biases as described in the experimental section, results in Figure 4.4. Again, 

the 7+ charge state was chosen for evaluation. Laboratory frame energy was calculated as the 

charge state multiplied by the applied trap voltage bias. As with the mobility data for the ptESI 

experiment, two features can be seen in the ATD, an early arrival time and late arrival time 
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feature. As LFE increases, the early arrival time feature depletes and the late arrival time feature 

increases. As with the mobility data observed with ptESI, multiple subpopulations in the late 

arrival time feature with earlier or later arrival times are present. 
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Figure 4.5. CIU type experiment at ambient conditions. Selected laboratory frame energies 

shown. Note two primary populations, an early arrival time feature and a later arrival time 

feature that both may contain subpopulations with a slightly earlier or arrival time within the 

major population grouping. 
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Using Both ptESI and CIU to Study Protein Unfolding 

In Figure 4.8, the 25°C CIU data, panel A, can be seen alongside the novel 90 °C CIU 

data, panel B. At the higher temperature for lower LFEs, there is a bias towards the early arrival 

time feature, which is an unexpected result.  

 

Figure 4.6. Arrival time distributions of RbA 7+ charge state at A) ambient conditions and B) 

higher temperature conditions at selected laboratory frame energies as indicated in the legend on 

the right. There are two arrival time features indicated in this graphic as early and late 

populations. Each arrival time feature may include subpopulations with slightly varied arrival 

times within the early and late population ranges. 

To evaluate this unexpected result, 24.5, 35.0, 112.0, and 560.0 LFE were selected for 

observation at various solution temperature states, as seen in Figure 4.7A, 4.7B, 4.7C, and 4.7D 

respectively. As previously noted, the 75 °C and 90 °C data seems to be following a different 

trend than the other solution temperature states. This trend seems to persist until the highest of 

LFEs where feature I fully collapses into features II and III. These CIU results point to additional 



 F a w c e t t  -  P a g e  | 88 
 

subpopulations being present within the various arrival time features, especially when both 

features I and II are populated. 
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Figure 4.7. Arrival time distributions of RbA 7+ charge state at A) 24.5, B) 35.0, C) 112.0, D) 

560.0 LFE (eV) where each colored trace corresponds to the temperatures in the legend in panel 

B. The features labelled I, II, and III represent early, late, and later arrival time populations that 

may contain additional subpopulations. Feature I is prior to the inflection point at 17 ms and 

feature II is after this inflection point but prior to the inflection point at 25 ms and feature III is 

after the inflection point at 25 ms.  
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To understand how the subpopulations and populations of the ATDs for the 7+ charge 

state of RbA were shifting, a relative unfolded population was calculated by leveraging the 

inflection point between feature I and II, demonstrated by the shading in Figure 4.8. This relative 

unfolded population was calculated for all temperatures and laboratory frame energies. When 

this relative unfolded population is plotted against LFEs, a sigmoidal response is seen for 90 °C. 

 

Figure 4.8. A) This panel depicts the arrival time distribution of RbA 7+ charge state at 90 °C at 

selected activations shown in the colored traces where feature I is an early arrival time feature 

and feature II is the late arrival time feature. The shaded region, after the inflection point 

between feature I and II at 17 ms is considered to be unfolded. B) This panel depicts the relative 

unfolded population compared to the LFE in eV. The relative unfolded population is comprised 

by the fractional sum of the shaded region in panel A for each LFE. 

When comparing this relative unfolded population abundance to LFE for each 

temperature condition, in general the highest relative unfolded population is populated the lowest 

temperature condition shown. The relative unfolded population abundance decreases with 

increasing temperature. This inverse relationship is unexpected. 
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Figure 4.9. For RbA 7+ charge state at various temperatures, the relative unfolded population 

changes with increasing LFEs. 

When evaluating this relative unfolded population for typical ptESI experiments, where 

only one applied voltage bias in the trap region, only the points in Figure 4.10A are recorded. 

When utilizing only a CIU workflow, typically at ambient conditions, only the points in Figure 

4.10B are recorded. The values of this ptESI-CIU experiment, in Figure 4.10C, showcase that 

additional energy states may be accessed. The plot in Figure SC2 indicates that there may be a 
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total of three unfolding events for RbA as indicated by the 90 °C folded and unfolded traces 

crossing three times. 

 

Figure 4.10. A) Unfolded population for ptESI only conditions, B) unfolded population for CIU 

only conditions, and C) ptESI-CIU for all conditions recorded, this panel expands on Figure 4.9. 

The temperature legend in this panel applies to all panels. 
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Conclusions 

The additional information provided by ptESI-CIU type experiments can help to uncover 

additional information about the state of the unfolded population of protein as compared to ptESI 

type experiment or CIU type experiments alone. This may help to address the variance seen in 

ptESI type experiments or to probe unfolding not possible with just CIU alone. 
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CHAPTER V 

Conclusions 

To conclude this body of work, I would like to propose a scenario. Let us say that you are 

interested in onboarding the use of our programmed-temperature electrospray-ionization (ptESI) 

source to determine which ligand, A or B, improves the stability of the protein therapeutic 

you’ve been working on. You’ve worked with mass spectrometers before and are familiar with 

their use and understand how to prepare samples for native mass spectrometry (MS). You have 

some protein of interest sample ready to go and have optimized settings for this protein of 

interest. 

You’ve just received all the hardware components for the ptESI source and have finished 

assembling them. You’ve also received a copy of the acquisition software for the graphical user 

interface from the Bush Lab. You know that sometimes acquisition software of the mass 

spectrometer is hosted on a graphical user interface (GUI) that connects on a specific port. This 

information is available in the url bar at the top of the landing page of the acquisition software of 

the mass spectrometer, sometimes called a tuning page. You have some experience coding.  

Before you start working with the ptESI source, acquire some MS data for your protein of 

interest with the normal electrospray ionization (ESI) source you normally use in your workflow. 

If you would like to be prepared, create a sample that has a pH either lower or higher or add 

formic acid to perform a chemical denaturation of your protein of interest. Run both samples, the 

native sample and the perturbed sample. Look at both acquisitions and note the mass to charge 

ratio (m/z) for your protein of interest at native and not native conditions. Identify the charge 
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states in your protein of interest and their associated m/z ranges. Record this information. When 

you get a chance, fill out the protein_charge_state_ranges_template file, that came with the 

acquisition software in the references folder, with your data. You’ll need it later for analysis.  

At this point, go ahead and install the acquisition software by running the executable file 

(.exe) located in the Scripts fold in the venv folder. You’ll need to install the DAQ software. 

Instructions are included in the README.md, which can be read using Notepad. If the software 

does not launch on its own, then you may need to install the program Anaconda. Once this has 

been installed, then open an Anaconda Prompt. In this prompt, you’ll need to navigate, using the 

```cd``` command with the path, to the folder where the software acquisition code is being 

stored. Once you’re in the right folder, install the coding environment by typing ```conda env 

create -f environment.yml```. Once new outputs stop generating in the Anaconda 

Prompt, then type ```pip install -r requirements.txt```. After all the new outputs 

stop generating, then type ```conda activate pt_env```. Congratulations! You can now 

execute python code. Still in the Anaconda Prompt, type ```flask --app ptESI_control 

run --host=127.0.0.1 --port=2025``` and then the GUI should load into whatever 

the last browser you had open or will open in a new window of the default browser.  

Once in the GUI, follow the inputs from the top of the page to the bottom of the page. If 

you’re unsure what to use for the parameters, some default settings have been provided, they are 

greyed out in the input boxes in the parameters section. This first run, upon analysis, will let you 

know if the solution-phase or gas-phase shifts are adequate for a stability measurement.  

If you also received the pt-Analysis code from the Bush Lab, then you may design a 

python script using the ptESI_data_utils python file in the ptESI_data_utils folder to pick and 
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choose which classes and functions you can use to perform the analysis necessary for your work 

alongside the visualizations that showcase your experiment. You can also pick a notebook from 

the notebooks folder to start development right away with some baseline suggestions. I would 

suggest specifically making a mass spectra from the total ion chromatogram to compare the 

ptESI acquisition for the native and non-native sample to see what charge states you are 

accessing within the ptESI regime. Updating the protein_charge_state_ranges_template file with 

the accessed charge states would be helpful at this point. I would make a mass spectra from an 

extracted ion chromatogram for each charge state. You can perform a ptmzlog temperature 

alignment to get the temperature for each scan in the MS acquisition. You’ll need this for the 

next step. 

I would also suggest making an average charge state as it relates to the temperature 

graph. This graph can compare the stability for ligand A and ligand B. There is a function to 

perform a sigmoidal fitting to get the midpoint transition for the melted protein, this is the 

stability measurement for the ptESI system. Once you are happy with your outputs on one 

ligand, then repeat the same experimental and program conditions for the other ligand, and then 

you can evaluate the stability both through the charge state as it relates to the temperature 

visualization and quantifiably by comparing the midpoint transition value for temperature from 

the sigmoidal fitting. 

This scenario describes access to the foundational acquisition and analytical ecosystem 

for programmed temperature. The new ecosystem allows for flexibility in acquisition by 

enabling access to temperature program design through simulation alongside running the 

temperature program. The new ecosystem also enables flexibility in analysis through the design 

of a fully modular custom Python library. Basic visualizations such as mass spectra from both 
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total ion chromatograms and extracted ion chromatograms are present alongside more 

specialized processing that incorporates temperature data alongside m/z data. There is support for 

adding access to ion mobility data, multiple mass spectrometry instruments from the same 

manufacturer, and multiple manufacturers. This pt-Analysis and pt-Control libraries are built to 

incorporate a variety of needs for multiple laboratories. The design possibilities are endless due 

to the modular setup of these custom Python libraries. The design possibilities for the pt-Control 

library are also modular and designed to onboard new hardware seamlessly alongside the 

existing code base. This means that once the new temperature controller connection is 

established via additional code that the existing code for the temperature program design and 

acquisition can still be used. This is equivalent to adding new features instead of having to 

complete a code refactor to change functionality. The functionality is already established, and 

custom hardware can be incorporated. In short, this ecosystem was designed to support future 

work as investigations into protein stability gain complexity over time. The custom Python 

libraries, pt-Control and pt-Analysis are designed to grow together with the projects, ideas, and 

hardware developed by researchers. 
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APPENDIX A 
Supplemental Information for Chapter II 

 

Figure SA1. Render of the ptESI source depicting the solid state heat pump, copper block, 

embedded thermistor, nESI capillary, copper reservoir, and 3D-printed clamp in front of an 

instrument inlet. 
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APPENDIX B 
Supplemental Information for Chapter III 
Table SB1. Initial mass ranges used for each charge state of RbA 

Charge Low m/z High m/z 
4+ 3419 3425 
5+ 2735 2740 
6+ 2279 2284 
7+ 1954 1958 
8+ 1710 1713 
9+ 1520 1523 
10+ 1368 1371 
11+ 1244 1247 
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Figure SB1. Mass spectrum for typical ptESI type experiment. All temperatures present, all scans 
averaged over. 
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Figure SB2. Mass spectra from the extracted ion chromatograms for 10 °C in first column, 90 °C 
in second column, 10 °C in right column for cycles 1, 2, and 3 in rows top to bottom respectively 
for one ptESI experiment with 3 cycles. 
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Figure SB3. Example of the mass windows extracted from the total ion chromatogram to make 
the extracted ion chromatogram for each charge state. This particular acquisition used a 
temperature cycle of 10 °C to 90°C . 
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Figure SB4. Extracted ion chromatogram for Ribonuclease A data shown in Figure SB1. It 
shows the ion chromatogram that has been extracted from the total ion chromatogram for each 
charge state. The mass ranges for each charge state were set by the analyst, in Table SB1.  
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Figure SB5. ptESI experimental readouts showing alignment between programmed temperature 
and block readings. 

 

Figure SB6. Temperature differences between the block temperature and the temperature sent to 
the microcontroller for the duration of the acquisition. 
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Figure SB7. Average charge state versus elapsed time in seconds, this graphic should be able to 
uncover what the temperature program was. It is obvious in this graph that there is variation at 
higher temperatures which correspond ot the elapsed time where temperature is highest. 
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APPENDIX C 
Supplemental Information for Chapter IV 
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Figure SC1. ptESI and CIU comparison where A) shows the ATDs of different cycles, B) shows 

the ATDs of different replicates, C) shows the ATDs of extracted temperatures during a ptESI 

cycling experiment, and D) shows the ATDs of the same temperatures during a CIU experiment 

at the same activation as the cycling experiment. 

 

Figure SC2. Relative abundance response to LFEs for various temperature states in the colors 

indicated in the legend on the right where the folded population is indicated by the smaller points 

and the unfolded population is indicated by the large points. 
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Figure SC3. Relative folded, circle markers, and unfolded, triangle markers, populations for the 

observed temperatures and the points of intersection between the folded, dashed traces, and 

unfolded, solid traces for selected laboratory frame energies 24.5. eV in dark blue and 59.5 eV in 

teal. Only these two lowest selected laboratory frame energies intersected, the temperature at 

which the folded population began to increase of the unfolded population is printed in text, 

82.2 °C and 91.8 °C respectively. 

 


	Acknowledgements
	Table of Contents
	CHAPTER I
	Introduction
	Figures of Merit for Protein Stability Measurements
	Traditional Methods
	Mass Spectrometry (MS)

	Temperature-Controlled Electrospray Ionization (tcESI)
	Variable-Temperature Electrospray Ionization (vtESI)
	Programmed Temperature Electrospray Ionization (ptESI)

	Temperature-Induced Unfolding (TIU)
	Overview of Present Work
	References

	CHAPTER II
	Software for Acquisition – ptESI-Control
	Introduction
	Software Definitions
	Overview of Previous Methods for ptESI
	Command Line Interface
	Procedural Code Base
	Unmet Needs

	Objectives for New Acquisition Method
	Objected-Oriented Programming (OOP)
	Graphical User Interface


	Methods
	Python Libraries
	Python Standard Libraries
	Imported

	Organization – Repository
	Access to Software

	Results and Discussion
	Design of ptESI-Control Library
	Object-Oriented Programming
	Composition

	Graphical User Interface
	Templates – Supporting the Rendering of Visual Information
	Blueprints – Supporting the Handling of the Application

	Decorators
	Functions
	Addition of Automatic Port Detection
	Custom Code Base
	Object-Oriented Programming
	Graphical User Interface


	Design of Acquisition Log

	Conclusions
	Acknowledgements
	References

	CHAPTER III
	Software for Analysis
	Introduction
	Data Structure
	Unmet Needs
	Prior Work on the Pipeline

	Methods
	Python Libraries
	Python Standard Libraries
	Python Imported Libraries
	Custom Libraries

	Other Required Files

	Results and Discussion
	Repository Design
	Other Modules
	Style File

	Code Refactor
	Preprocessing
	Alignment of Temperature and Mass Acquisition Data

	General Processing
	Records of Run

	Specialized Processing


	Conclusions
	Acknowledgements
	References

	CHAPTER IV
	Combining ptESI and Collision-Induced Unfolding
	Introduction
	Materials and Methods
	Sample Preparation
	ptESI and Mass Spectrometry Settings

	Results and Discussion
	Using ptESI to Study Protein Unfolding
	pH
	Ion Mobility

	Using CIU to Study Protein Unfolding
	Using Both ptESI and CIU to Study Protein Unfolding

	Conclusions
	Acknowledgements
	References

	CHAPTER V
	Conclusions

	APPENDIX A
	Supplemental Information for Chapter II

	APPENDIX B
	Supplemental Information for Chapter III

	APPENDIX C
	Supplemental Information for Chapter IV


