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Spectroelectrochemistry integrates electrochemistry with optical spectroscopy and frequently 

employs chemometric analyses to understand relationships within complex chemical systems. 

Data generated from these techniques is high-dimensional and dense, requiring specialized 

expertise and advanced instrumentation to interpret. While these approaches provide powerful 

analytical capabilities, their cost and complexity can limit accessibility. 

This thesis presents a simple, image-based analytical framework that extracts red, green, and 

blue (RGB) signals from time-resolved imaging to quantify chromogenic electrochemical 



  

changes. To evaluate this approach, two catechol-functionalized polymer systems with distinct 

conjugation chemistries, catechol-modified chitosan (cat-chit) and catechol-functionalized 

polyethylene glycol (cat-PEG), were investigated. These systems were evaluated to compare 

fabrication and redox responsiveness. Measurements obtained through RGB image 

decomposition monitored optical and electrochemical changes while preserving complex spatial 

geometries at sub-second temporal resolution. The results demonstrate that this approach 

effectively captures analogous data to traditional spectrometry, providing a reliable and 

accessible alternative for probing complex electrochemical processes.  
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Chapter 1: Introduction 

Aim and Scope of Thesis 

To explore catechol conjugation and redox behavior in controlled environments, two polymer 

systems with distinct grafting chemistries were investigated. Catechol modified chitosan (cat-

chit) and catechol-functionalized polyethylene glycol (cat-PEG) were used to represent both 

amine and thiol rich reaction systems relevant to catecholic structures in biology1,2. By 

comparing these two platforms, fabrication/grafting and redox-responsive behaviors can be 

monitored in relation to their underlying conjugation chemistries.  

To monitor and analyze these systems, a new image-based red, green, and blue (RGB) analysis 

framework was developed to quantify fluorochromogenic and chromogenic electrochemical 

changes through digital imaging. This method leverages time-resolved image acquisition and 

RGB channel decomposition to simplify complex optical responses to accessible molecular 

signals while preserving both temporal and spatial information. By applying this framework to 

catechol-functionalized polymer networks, this thesis aims to evaluate the fabrication and 

redox behavior of two distinct systems while demonstrating the utility of RGB-based image 

analysis as a tool for probing catecholic electrochemical systems. 

Catecholic Materials in Biology 

Catechols represent a versatile class of redox-active organic molecules, enabling a wide range of 

chemical transformations3. These molecules readily undergo reversible oxidation to form 

quinones (Fig. 1.1), which can subsequently participate in nucleophilic addition4, crosslinking5, 

and similar interactions. As a result, catechol chemistry is central to numerous biological 
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material systems, especially in processes like adhesion6, redox cycling7, and polymer formation8. 

The reactivity of catechol and quinone intermediates is highly dependent on the surrounding 

chemical environment9, including the presence of nucleophiles like amines and thiols, which can 

produce distinct conjugation pathways and material properties.  

 

Figure 1.1: Catechol redox switching putative reaction10 

Melanins are a diverse class of pigments produced by melanocytes and are primarily found in the 

skin, hair, and eyes11. Beyond their role in pigmentation, they possess various functional 

attributes including photoprotection12, redox activity13, and metal ion chelation14. Despite their 

ubiquitous expression in biology, melanins remain comparatively understudied due to the limited 

mechanistic understanding of their polymerization process and the inherent structural 

heterogeneity of the resulting polymers15.  

Among the different types of melanin, eumelanin and pheomelanin represent the two most 

important classes in determining pigmentation16. Eumelanin is responsible for the brown/black 

pigment while pheomelanin dominates the red/yellow undertones17. As a result, varying ratios of 

these two types of melanin strongly influence skin, hair, and eye color18. Although both classes 
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originate from catechol-based precursors derived from L-DOPA, their polymerization pathways 

diverge through two distinct conjugation chemistries.  

These structural differences arise from variations in underlying biosynthetic pathways that 

govern conjugation and subsequent polymerization (Fig. 1.2)19. Pheomelanin (Fig. 1.2a) 

formation is strongly governed by sulfhydryl-containing molecules such as cysteine, which react 

with DOPA-quinone to produce intermediates that ultimately polymerize into pheomelanin20. In 

contrast, eumelanin (Fig. 1.2b) formation proceeds through similar oxidative intermediates but 

occurs in the absence of cysteine. Rather, DOPA-quinone undergoes a reaction to form 

dopachrome intermediates, ultimately generating eumelanin structures rich in amine groups21.  

 

Figure 1.2: Catechol in Biology. Catechol is observed in both pheomelanin (left) and eumelanin (right). 
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Catecholic Polymers in Biotechnology 

Due to the heterogenous, insoluble, and structurally complex nature of melanins, directly 

studying the chemical processes that govern their formation and redox behavior remains a 

challenge. As a result, catechol chemistry derived from melanin precursors has increasingly 

inspired the development of functional biomaterials that leverage the unique redox and adhesive 

properties of catechol groups22,23. These catechol-functionalized polymers have emerged as 

versatile platforms to create tunable materials with applications in surface coatings24, 

bioadhesion25, and electrochemical interfaces26. Polymers such as cat-chit and cat-PEG provide 

chemically well-defined systems in which catechol grafting strategies and redox behavior can be 

systematically investigated27,28. Furthermore, the chromogenic and fluorochromogenic nature of 

catechol oxidation and reduction makes these systems especially suitable for both electrical and 

optical analyses29.  

Spectroelectrochemical Tools 

Despite these advances, accessible analytical approaches for monitoring catechol conjugation 

reactions remain limited. Notably, spectroelectrochemistry has offered a fresh perspective in the 

field by enabling operando measurement of both electrical and optical signals during reaction 

progression30. This approach allows chemical transformations to be monitored in real time via 

two distinct modalities, providing insight into how redox influences molecular changes that can 

be observed via optical responses such as absorbance or fluorescence changes31. However, this 

tool typically generates large multidimensional datasets consisting of full spectral information 

collected at sub-second time scales. Processing and interpreting such datasets often require 

deconvolution of data with specialized instrumentation, which is often time intensive and 

resource demanding32. 
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To address the high data volume and time-consuming analyses in alternative analytical 

approaches, this thesis explores image-based RGB analysis as a rapid and accessible method for 

monitoring both the fabrication and redox properties of catecholic materials. By decomposing 

images into their red, green, and blue (RGB) components, subtle changes in pigment formation 

can be potentially monitored without the use of full spectral equipment33. Catechol-

functionalized polymer systems, including cat-chit and cat-PEG, were used as biomimetic 

reaction platforms to represent amine and thiol rich environments; two important conjugations in 

catechol biomaterials34. By correlating changes in RGB signal with reaction progression, this 

study aims to evaluate whether digital image analysis can serve as a practical alternative for 

probing catechol conjugation and redox processes. 

Putative Grafting Reactions 

When creating these redox-active hydrogels (Fig. 1.3) to monitor fabrication chemistries, both 

cat-chit and cat-PEG will undergo a series of procedures. Chitosan uses a two-step deposition 

process whereas PEG only utilizes one step.  

Cat-Chit Modification Reaction 

Chitosan, a pH-responsive polysaccharide, can be easily electroassembled at the electrode 

surface via a reversible cathodic electrodeposition step. However, due to the voltage range 

specifications of electrodes used in the latter experiments, cathodic electroassembly is not viable. 

As a result, chitosan casting followed with catechol modification (seen in Fig. 1.3a) will be the 

standard protocol in these experiments. This procedure starts with 1% chitosan added to the 

working electrode surface, followed by a drying period in which all water has been evaporated 

from the system. Once a thin film has dried onto the working electrode, a solution of 0.1M 
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sodium hydroxide (NaOH) is placed over the chitosan film for 15 minutes. Addition of NaOH 

neutralizes the acidic chitosan, deprotonating and therefore inducing gelation to create a compact 

film on the electrode. After gelation, the film is rinsed with phosphate buffer (PB) and placed in 

a solution of 50mM catechol, where an anodic potential is applied to actively graft catechol to 

the amine groups located on the chitosan. Following this step, a chitosan-modified catechol film 

is created.  

Cat-PEG Functionalization Reaction 

PEG, a water-soluble polymer known for its biocompatible nature, is often used in 

electrochemical materials for its versatility and wide potential domains. Largely due to the 

presence of thiol groups and their reactivity, PEG can be co-deposited with catechol, both using 

anodic depositions to be functionalized onto the electrode. The procedure starts by adding a 

solution of 50mM catechol and 50 mg/mL 4-arm thiol polyethylene glycol to the surface of a 

working electrode. Inducing an anodic potential triggers oxidation, generating quinones at the 

electrode surface which then can react with reactive -SH groups on PEG, controllably generating 

networked cat-PEG onto the surface of the electrode. While the exact mechanism of catechol 

functionalization to PEG is unknown, it appears that three things could be occurring: oxidative 

formation of S-S crosslinks, quinone-based grafting to nucleophilic SH groups, or quinone-based 

crosslinking. Due to the uncertainty of an underlying mechanism, a putative reaction is shown in 

Fig. 1.3b. 
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Figure 1.3: Putative grafting reactions of (a) cat-chit and (b) cat-PEG10,35. Materials and extensive procedure outlined in 

experimental methods chapter. 

Features of Image Analysis Framework 

Based upon the challenges associated with dense datasets and intense data processing, image-

based RGB analysis offers a simplified and accessible approach for monitoring chromogenic 

electrochemical systems36. By capturing digital images during reaction progression or redox 

switching and composing them into RGB data, complex spectral information can be reduced into 

a small set of quantifiable parameters. This approach offers three key features: spectral 

decomposition (Fig. 1.4 left), temporal monitoring (Fig. 1.4 middle), and spatial resolution 

(Fig. 1.4 right).  

Spectral Simplification Through RGB Decomposition 

In standard full-spectrum analyzers, a full absorbance spectrum is generated for each time point. 

Due to the rapid nature of electrochemical reactions, time intervals typically lie within the 

millisecond range37. These intervals, coupled with spectral data can yield huge data sets of both 

optical and electrical information. However, moieties relevant to catechol-functionalized 

fabrication or redox cycling may only be active at certain wavelength ranges38. This approach 
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enables rapid interpretation of optical changes without the need for full spectral acquisition and 

intensive data processing. RGB decomposition simplifies the complex spectral information into 

discrete color channels or filters that cover wide wavelength ranges. When moieties can be 

characterized through these filters, the need for full spectral acquisition and extensive post 

processing diminishes.  

Temporal Monitoring of Electrochemical Reactions 

Electrochemical processes are widely used both for the fabrication of functional materials and 

for characterizing the redox behavior of previously prepared systems, making it essential to 

monitor chemical changes as they occur39. Spectroelectrochemistry provides a powerful 

framework for this purpose by coupling electrochemical control with optical measurements, 

enabling operando observation of both electrical and molecular responses30. While typical 

chemical reactions proceed rapidly, electrochemical systems offer the advantage of precisely 

controlled environments in which a defined number of electrons can be introduced or removed 

from a system. Monitoring these redox-driven changes as a function of time is therefore critical 

for understanding internal reactions of electrochemically fabricated materials.  

The RGB-based image analysis framework developed in this work enables high-resolution 

temporal monitoring of these processes through time-resolved image acquisition. By capturing 

images at customizable frame rates via external imaging software, this approach allows for the 

tracking of optical deviations throughout an electrochemical experiment. As a result, the method 

can achieve better temporal resolution compared to commercial spectrometers, which are often 

limited by their photon accumulation rates and internal hardware motion40.  
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Spatially Resolved Analysis of Electrode Geometries 

In addition to temporal monitoring, spatial resolution is also a critical advantage of image-based 

analysis. Conventional spectroscopy and electrochemical instruments typically provide average 

signals over an entire electrode surface, making it difficult to detect localized variations in 

molecular or optical response41. However, advanced electrode geometries and surface redox 

states can induce highly specific localized chemical activity, in which certain regions exhibit 

enhanced optical changes while others remain inactive42. By preserving spatial information 

across the entirety of the electrode, this RGB-based image analysis framework enabled direct 

visualization and quantification of these geometrically distinct responses, allowing conversation 

between electrode geometry and redox behavior to be explored in real time. This approach 

provides a level of resolution unattainable within traditional bulk spectral measurements, 

particularly in patterned electrode systems.  

 

Figure 1.4: Features of RGB-Based Image Analysis Framework. Spectral decomposition to measure materials in three distinct 

color channels, temporal monitoring to dynamically measure reaction progression, spatial resolution allowing for localized 

measurements across an electrode surface. 
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Chapter 2: Experimental Methods 
 

Camera-Based Experimental Setup 

4-Well 3D Printed Spectroelectrochemical Platform 

To enable operando microscopy through image-based analysis, a fluorescence microscope is 

used to visualize optical changes in the system during electrochemical operations. These 

experiments employ a spectroelectrochemical device previously developed in our laboratory35 

(Fig. 2.1), which allows simultaneous electrical control while capturing top-down, time-resolved 

images of the electrode surface.  

The device consists of a 3D printed housing containing four independent wells, enabling higher-

throughput experimentation compared to the conventional single-sample cuvette configuration 

commonly used in spectrometers. This housing is affixed to laser-engraved indium tin oxide 

(ITO) coated glass using photothermal resin. This resin acts as a sealant between the housing and 

the conductive substrate, isolating each well so that it functions as an individual working 

electrode. 

Following assembly, 65uL of agarose is pipetted into the central well of the device and overlaid 

with potassium chloride (KCl) solution. This configuration serves as a salt bridge that connects 

the central electrolyte reservoir to each of the four samples wells through small vents located at 

the base of each channel. A platinum counter electrode and an Ag/AgCl reference electrode are 

then inserted into the KCl reservoir, allowing a single counter/reference pair to service all four 

working electrodes simultaneously.  
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Figure 2.1: Camera-Based Experimental Setup. Four independently addressable working electrodes (ITO), singular counter and 

reference electrodes shared between all wells through an agarose-salt bridge. 

 

Dynamic Camera Imaging 

Following fabrication of the 4-well ITO spectroelectrochemical device, the platform is secured 

within a custom docking station equipped with four independent working electrode connections 

and a shared counter and reference electrode. The docking station is then positioned beneath a 

fluorescence microscope fitted with a digital camera to enable continuous video-based image 

acquisition during electrochemical experiments. 

Electrochemical measurements are performed using an electrochemical analyzer (CHI 

Instruments). Simultaneously, screen-recording software (Camtasia, TechSmith) is used to 

capture the live camera output from the microscope, generating a time-resolved video of the 

electrode surface throughput the experiment. Upon completion of the experiment, both the 

electrochemical data file and the recorded video are exported for further analysis. These datasets 

can be synchronized and segmented at user-defined time intervals, enabling customized temporal 

and spatial resolution for image-based analysis.  
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Absorbance Monitoring 

For absorbance-based measurements, broadband white light is directed though the bottom of the 

spectroelectrochemical platform, allowing optical changes at the electrode surface to be 

monitored from a top-down perspective. Prior to initiating the electrochemical experiments, a 

background correction is performed by capturing an image of the illuminated device without 

active redox processes. This white-light background is then used for subtraction during data 

analysis to ensure that measured absorbance changes arise solely from the formation or 

transformation of molecular species within the hydrogel.  

Fluorescence Monitoring 

For fluorescence measurements, a light-absorbing material is placed beneath the 

spectroelectrochemical platform to minimize reflected excitation light. The system is then 

illuminated using a fluorescence excitation filter at an excitation wavelength of 440 nm, and 

emission intensity is monitored though a corresponding emission filter at 520 nm during 

electrochemical measurements. Changes in fluorescence intensity are recorded continuously by 

the camera and later analyzed using the RGB image-based workflow.  

 

Image Analysis Workflow 

Experimental Setup 

The 4-well spectroelectrochemical device was fabricated following the procedures described 

above and subsequently loaded into its custom docking station (Fig. 2.2a). This docking station 

was then placed on the stage of a fluorescence microscope and connected to the working, 

counter, and reference electrode leads of the CHI electrochemical analyzer. In this configuration, 
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a clear top-down view of the four sample channels was obtained for optical monitoring. 

Depending on measurement mode, either bottom-up broadband white light or top-down 

fluorescent excitation filters were applied to the system to enable absorbance or fluorescence 

measurements, respectively.  

ImageJ Partitioning 

Following completion of the electrochemical experiment, the recorded video was exported in .avi 

format for image processing. A custom ImageJ macro developed for this project was then used to 

analyze the video by separating each frame into its three color channels: red, green, and blue. 

Based on the user-selected channel of interest, the macro retained the desired color channel while 

discarding the remaining two channels.  

Once the video frames were reduced to a single color channel, predefined regions of interest 

(ROIs) were applied to each sample channel. Five square ROIs (see Fig. 2.2b) arranged in a 

cross-shaped pattern were selected for each electrode. The macro then calculated the average 

intensity of these five regions to generate a single intensity measurement for each channel at 

every frame. As the macro iterated through the entire video, these measurements were collected 

sequentially, resulting in a time-dependent optical dataset for each electrode channel.  

The selection of five ROIs was intended to account for potential heterogeneity within the 

hydrogel films. When thin hydrogels are fabricated on circular electrode surfaces, partial 

delamination or peeling can occur near the electrode edges where the hydrogel interfaces with 

the surrounding housing. To minimize the influence of these edge effects, ROIs were positioned 

toward the interior region of the electrode surface, ensuring that measurements were collected 

from the most uniform portion of each hydrogel.  
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Data Acquisition 

During image processing, the averaged intensity values obtained for each channel were 

converted into absorbance measurements using a modified form of the Beer-Lambert 

relationship (Fig. 2.2c). In this approach, the intensity recorded in the first frame of the 

experiment was treated as the initial light intensity (I0). For each subsequent frame, the measured 

intensity (I) was normalized relative to I0, and the absorbance was calculated using the 

logarithmic relationship43: 

ABS = log (I0 / I) 

This transformation allowed the optical changes captured by the camera to be expressed in 

absorbance units, enabling quantitative comparison with traditional spectroscopic measurements.  

Temporal Monitoring 

The ImageJ macro was designed to process every frame of the recorded video, enabling 

continuous time-resolved analysis throughout the electrochemical experiment. Temporal 

resolution could be adjusted by modifying the video frame rate during image acquisition using 

external recording software. Ideally, the frame rate was selected to match the temporal resolution 

of the electrochemical data output, allowing optical and electrical signals to be directly correlated 

at corresponding time points. This synchronized analysis enables simultaneous interpretation of 

both the redox behavior and molecular changes occurring within a system.  
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Figure 2.2: RGB-based Image Analysis Framework. (a) experimental setup of 3D printed device fitting into instrumentation, (b) 

geometrical partitioning of 5 separate data values averages into a singular global intensity per well, (c) conversion of global 

intensities (in each color channel) into absorbance measurements, (d) iteration through each frame in a video recording. 

Fabricating catechol functionalized hydrogels  

Cat-chit 

Cat-chit hydrogels were fabricated using a two-step electrografting process. First, a thin film of 

chitosan was cast onto the surface of the working electrode and subsequently neutralized to form 

a stable hydrogel layer. Following film formation, catechol groups were grafted onto the chitosan 

matrix through an anodic electrografting step.  

Within the camera-based image analysis framework, a constant potential of +1.0V was applied 

for 5 minutes (300 s) to induce catechol grafting onto the pre-formed chitosan film.  

Cat-PEG 

Cat-PEG hydrogels were fabricated using a one-step electrodeposition process. In this approach, 

a precursor solution containing 50mM catechol and 50 mg mL-1 4-arm thiol PEG was 
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simultaneously deposited onto the electrode surface through an anodic potential step. The 

electrochemical oxidation of catechol promotes thiol-quinone coupling reactions, resulting in 

formation of a catechol-functionalized PEG hydrogel at the electrode surface. 

For experiments performed within the camera-based image analysis setup, a constant potential of 

+1.0V was applied for 5 minutes (300 s) to generate hydrogel films.  

 

Redox probing catechol functionalized hydrogels 

Cyclic Voltammogram 

Following hydrogel fabrication, the deposition solution was removed from each electrode 

(leaving only the insoluble hydrogel) and incubated with phosphate buffer (PB) for 30 minutes. 

This incubation step allows unreacted catechol species remaining in the hydrogel matrix to 

diffuse out of the film and into the surrounding buffer, which was subsequently discarded.  

After the washing step, a 150 uL solution of 0.5 mM 1,1′-Ferrocenedimethanol (Fc) and 0.5 mM 

Ru(NH3)6Cl3 (Ru 3+) was added to each electrode. Cyclic voltammetry (CV) measurements were 

then performed at a scan rate of 5 mV s-1 for three cycles. Within the camera-based 

electrochemical imaging setup, a potential window of -0.6V to +1.0V was swept.  
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Chapter 3: Fabrication of Catecholic Hydrogels 
 

To evaluate the performance and reliability of the proposed RGB-based image analysis 

framework during fabrication and redox-dependent absorbance monitoring, a 

spectroelectrochemical instrument was used as the reference device. This comparison enables the 

assessment of the trade-offs between reduced spectral resolution in RGB analysis and the gain in 

both temporal and spatial resolution offered by image-based methods. In this context, 

spectroscopic measurements serve as a benchmark for validating the ability of the RGB 

framework to capture key optical and redox features of the systems. Experiments conducted 

using the reference instrument were analogous to those completed in the camera-based setup, 

with minor alterations to procedures and materials outlined below. 

Ground Truth Device 

The instrument used in this study was a WaveNow Wireless electrochemical workstation (Pine 

Research Instruments), enabling simultaneous electrochemical control and optical measurement. 

This system allows for the operando monitoring of absorbance changes during electrochemical 

experiments by integrating electronic input with wavelength-resolve spectral detection44.  

The spectrometer operates using a conventional cuvette-based configuration (Fig. 3.1), in which 

a focused light beam is transmitted through a sample and the resulting absorbance is calculated 

using the Beer-Lambert relationship44. Experiments performed in this platform utilized a 

transparent gold working electrode in a three-electrode system consisting of a working, counter, 

and reference electrode. The integrated gold electrode served as both the working and counter 

electrodes, while an external Ag/AgCl electrode was used as the reference.  
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Figure 3.1: Pine Experimental Setup. Cuvette system with counter and working electrodes from a transparent gold electrode and 

an external reference electrode (Ag vs/ Ag/Cl).  

Pine Instrument Methods 

Fabrication: Hydrogel fabrication procedures were adapted from those described in the 

experimental methods section for use with the Pine instrument (Fig. 3.2). Due to differences in 

both electrode surface area and material between the camera-based platform (ITO) and the Pine 

Instrument (transparent gold), deposition parameters were adjusted to achieve comparable 

hydrogel formation across both systems. Specifically, deposition time and/or total charge 

delivered were modified to enable a more direct comparison of material properties.  

For cat-chit, an anodic potential of +1.0V was applied for approximately 55s, corresponding to a 

total charge of ~28mC. For cat-PEG, potential was applied at +1.0V for approximately 90s, 

corresponding to a total charge of ~42mC.  

Cyclic Voltammogram: CV measurements were performed over different potential windows 

depending on the experimental platform. In the camera-based imaging setup, a potential range of 
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-0.6V to +1.0V was applied. In contrast, the Pine instrument utilized a narrower potential 

window of -0.5V to +0.6V, consistent with the operational constraints of the transparent gold 

electrode configuration.  

 

Figure 3.2: Fabrication Procedures on Transparent Gold Electrode. (a) Cat-chit and (b) cat-PEG fabrication. 

Data Mapping Between Methods 

To enable direct comparison between image-based RGB analysis and spectroscopic 

measurements, spectral data were mapped onto the RGB color space using literature-reported 

representative wavelengths for each color channel45 (Fig. 3.3). Specifically, discrete wavelengths 

corresponding to red, green, and blue optical regions were selected based on prior reports, and 

absorbance values at these wavelengths were extracted from the spectra dataset.  
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In this work, wavelengths of 450nm, 550nm, and 650nm were used to represent the blue, green, 

and red channels respectively46 (Fig. 3.3). This approach establishes a consistent and physically 

meaningful correspondence between wavelength-resolved spectral measurements and the 

discrete color channels obtained from RGB image analysis.  

By reducing spectral data to these representative wavelengths, direct comparison between the 

two methods is achieved, allowing for validation of the RGB-based image analysis framework 

while preserving optical trends observed in full spectral data.  

 
Figure 3.3: Data Output Between Devices 



 

 

21 

 

Temporal Monitoring of Fabrication 

Emergence of Optical Information 

During electrochemical fabrication, both electrical and optical measurements provide 

complementary insight into material formation. The total charge passed during deposition (Qfab) 

reflects the extent of electrochemical oxidation used to induce fabrication, while optical 

measurements capture changes associated with molecular features and polymerization. By 

combining these two modalities, fabrication can be monitored in real time, enabling direct 

comparison between the camera-based image analysis framework and the spectroelectrochemical 

reference instrument.  

Data Normalization and Visualization 

As fabrication progresses, the electrode is withdrawing electrons from catechol to generate 

quinone which undergoes a reaction with either chitosan or PEG-thiols. The cumulative charge 

(Qfab) is a measurement of that oxidation capacity and increases with time, with the final value 

corresponding to the total charge required to form the hydrogel (Fig. 3.4). Simultaneously, 

reaction products of the electrochemical reaction are responsible for the changing or emerging 

optical absorbance detected by either the Pine instrument or camera. While both time and charge 

evolve simultaneously, charge provides a more meaningful basis for comparison between 

samples, as it directly reflects the electrochemical input driving material formation.  

To account for differences in total charge across experiments, the fabrication process was 

normalized using a dimensionless parameter representing the extent of modification (Qmod), 

defined as:  

𝑄𝑚𝑜𝑑 = (
𝑄𝑖
𝑄𝑒𝑛𝑑

) ∗ 100 
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Where Qi is the charge at a given time point and Qend is the total charge at the end of fabrication. 

This normalization enables direct comparison of fabrication progress across different systems 

and experimental conditions.  

 

Figure 3.4: Charge-Time Plots of Fabrication. Qend denotes total charge accumulated to generate the material.  

Because operando measurements were performed using both optical and electrochemical 

techniques, the resulting dataset consists of three dimensions: absorbance (or optical response), 

wavelength (or RGB channel), and extent of modification (Qmod). Fig. 3.5 illustrates this 

relationship through three-dimensional representations of cat-chit and cat-PEG fabrication, 

where full spectral evolution is visualized at discrete Qmod intervals. Corresponding RGB channel 

data and representative wavelengths are overlaid to highlight the connection between simplified 

color-based analysis and wavelength resolved spectral measurements.  

 

 
Figure 3.5: 3D Fabrication Plots 
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Cross-Modal Fabrication Correlation 

Absorbance-Charge Information 

To investigate the relationship between electrochemical input and optical response, absorbance 

was plotted as a function of accumulated charge. This approach enables direct comparison of 

how optical signals evolve relative to the extent of electrochemical fabrication.  

Fig. 3.6a presents the absorbance-charge profiles obtained with the Pine instrument, where 

absorbance is tracked at three representative wavelengths corresponding to the RGB regions of 

the spectrum. Fig. 3.6b shows the absorbance-charge behavior obtained from the camera-based 

image analysis framework, where optical signals are derived from RGB color filters. 

 

Figure 3.6: Fabrication Comparison. SlopeCM was calculated for each individual wavelength/color by calculating the slope of 

the line.  

 

The primary objective of this analysis was to quantify the relationship between optical responses 

measured on the Pine instrument and those obtained from the RGB-based image analysis 
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framework during fabrication. To deduce this comparison, data was reduced to a single 

parameter defined as the cross-modal slope (SlopeCM) (illustrated in Fig. 3.6c), which described 

the rate of change in absorbance as a function of accumulated charge for each wavelength or 

color channel. 

𝑆𝑙𝑜𝑝𝑒𝐶𝑀 =
∆𝐴𝐵𝑆

∆𝑄
 

This parameter captures the rate in which absorbance accumulates during fabrication, providing 

a direct measure of how rapidly absorbance increases with electrochemical input (Fig. 3.6c). By 

comparing SlopeCM values across both wavelength-resolved spectral data and RGB channels, the 

consistency between both approaches can be evaluated.  

Because the underlying mechanisms of catechol conjugation to thiol and amine functionalities 

remain incompletely understood, this approach may also provide insight into wavelength regions 

or color channels that are particularly sensitive to changes in molecular structure during 

fabrication. Broadly speaking, this analysis enables evaluation of whether simplified RGB-based 

measurements can capture the same charge-dependent optical trends seen in full spectral 

datasets. 

Cross-Modal Correlation 

Once SlopeCM values were calculated for each representative wavelength in the Pine instrument 

and each RGB filter in the camera-based setup, a correlation analysis was performed to evaluate 

the degree of agreements between the two approaches (Fig. 3.7).  
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Figure 3.7: Cross-Modal Correlation using each respective color’s SlopeCM plotted against each other in either instrument. 

The resulting correlation plots demonstrate a strong linear relationship between the Pine 

instrument measurements and the camera-based image analysis for both Cat-chit and Cat-PEG 

systems, with coefficients of determination (R2) exceeding 0.98. These high R2 values indicate 

that over 98% of the variance in the RGB-derived data is explained by the corresponding spectral 

measurements, highlighting a high degree of agreement between both methods. 

A strong correlation suggests that the RGB-based image analysis framework reliably captures the 

charge dependent emergence of optical signals observed in wavelength-resolved spectral 

information. Consequently, the simplified RGB analysis approach can reproduce key trends in 

how different optical regions evolve during electrochemical fabrication of catechol-

functionalized hydrogels.   
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Chapter 4: Temporal Analysis of Redox Switching 

Motivation 

Electrochemical redox cycling is widely used to interrogate the reversible nature of redox-active 

materials, providing insight into electron transfer kinetics, material stability, and function 

characterization47. In catechol-based systems, redox cycling drives the switch between catechol 

and quinone species, processes that are often accompanied by measurable optical changes. 

Capturing these changes in real time is essential for coupling electrochemical input to molecular-

level information.  

In this chapter, two subsections of temporally resolved redox behavior are investigated. The first 

subsection focuses on examining redox cycling behavior of both catechol-functionalized 

hydrogels through absorbance-based measurements obtained using both the Pine instrument as a 

ground truth device against the tested RGB-based image analysis framework. This comparison 

establishes whether simplified image-derived RGB optical signals can reproduce trends observed 

in wavelength-resolved spectroscopy during dynamic electrochemical operation. 

The section subsection focuses on Cat-PEG and its previously reported dual optical switching 

capability in both absorbance and fluorescence modalities35. Due to the limited nature of the Pine 

instrument to capture additional optical modalities, the image-based framework is leveraged to 

monitor both absorbance and fluorescence simultaneously during redox cycling. Unlike 

absorbance, which reflects bulk optical attenuation, fluorescence provides complementary 

information related to excited-state processes and molecular environment. This multimodal 
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imaging approach therefore offers a more comprehensive understanding of catechol redox 

behavior than can be achieved with conventional spectroelectrochemical techniques alone.   

4A: Redox Switching Absorbance Analysis 

Absorbance Behavior in Redox Switching 

Previous works have highlighted a fundamental aspect of electrochemical redox processes: 

electrons are not directly soluble and cannot be transferred from the electrode to catechol 

molecules without an intermediary48. To overcome this limitation, diffusible redox mediators are 

often employed to shuttle electrons between the electrode and the grafted film49. This mediated 

redox cycling is schematically illustrated in Fig. 4.1.  

Under reducing potential applied at the electrode surface, Ru(NH3)6Cl3 (Ru 3+) can undergo 

redox cycling: it is reduced at the electrode, diffuses into the hydrogel film, and subsequently 

oxidized by donating electrons to the grafted catechol molecules7. The oxidized Ru 3+ then 

diffuses back to the electrode, where it can be reduced again, thereby progressively switching the 

grafted molecules to their reduced (catecholic) state. Similarly, under oxidative potentials, 

ferrocene dimethanol (Fc) can undergo analogous redox cycling, transferring electrons to switch 

the grafted molecules to their oxidized (quinone) state. Both mediators can coexist in the same 

solution because each is electrochemically activated only when the applied potential approaches 

its respective formal potential (E0), a characteristic thermodynamic property of each mediator50. 
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Figure 4.1: Redox-Based Absorbance Switching 

During redox cycling, changes in oxidation state of the grafted catechol molecules are 

accompanied by measurable alterations in optical absorbance. As the electrode potential drives 

reduction via the Ru3+ mediator, catechol groups are converted to their reduced form, leading to 

characteristic decreases in absorbance at wavelengths associated with the oxidized quinone 

species. Conversely, when oxidative potentials are applied and Fc facilitates electron transfer, 

catechol groups are converted back to the oxidized quinone state, producing a corresponding 

increase in absorbance. These absorbance changes provide a direct, optical readout of the redox 

state of the hydrogel and can be tracked continuously over time.  

By monitoring absorbance this way, the dynamic switching of the grafted molecules can be 

quantified, revealing both the flow of electron transfer and the efficiency of the mediator-driven 

redox processes. Because absorbance measurements integrate over the entire electrode area, they 
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provide a spatially averaged view of the molecular switching, which can be directly compared 

between the spectroelectrochemical reference instrument and the camera-based RGB analysis 

framework. This comparison allows evaluation of whether simplified image-based measurements 

capture the same temporal trends in full-spectrum data. 

Phase Plane Analysis 

To monitor the absorbance response of catechol-functionalized hydrogels during redox cycling, 

CV was conducted in both the Pine instrument and the camera-based setup, using the parameters 

described in the Experimental Methods section. Fig. 4.2a shows the applied potential plots 

scanning between oxidative and reductive potential along with the corresponding detrended 

charge-time and absorbance-time data (see Appendix for raw data). In both systems, absorbance 

changes were observed to be in phase with the applied electrochemical input: as the quinone 

groups were oxidized, an increase in absorbance was detected across all catechol-functionalized 

gels. In the Pine instrument, wavelength-resolved data aligned with the representative RGB 

channels measured in the camera-based setup, demonstrating consistent optical trends between 

the two modalities.  

Phase plane plots were further used to examine the relationship between electrical and optical 

signals during operando measurements (Fig. 4.2b). In these plots, both charge and absorbance 

(wavelength or filter specific) are plotted against the applied potential, revealing a clear 

qualitative agreement in the shapes of the responses. This correspondence was observed for both 

catechol-functionalized materials and across instruments, confirming that the simplified RGB-

based image analysis framework captures the same charge-dependent optical trends as full-

spectrum spectroscopic measurements. 
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Figure 4.2: Phase Plane Analysis. (a) Time-series plots and (b) phase plane plots of both cat-chit and cat-PEG in either 

experimental setup, all data has been detrended. 

Cross-Modal Correlation 

To quantify the trends observed qualitatively in Fig. 4.2, a cross-modal analysis similarly to that 

employed in Chapter 3 was performed. Instead of focusing on slopes, a cross-modal amplitude 

ratio (Amp.CM) was calculated using the following relationship: 

𝐴𝑚𝑝.𝐶𝑀=
𝐴𝑚𝑝.𝑜𝑝𝑡𝑖𝑐𝑎𝑙

𝐴𝑚𝑝.𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙
 

Here, Amp.electrical represents the amplitude measured from the electrical phase-plane plot of a 

given functionalized hydrogel, while Amp.optical corresponds to the amplitude extracted from the 

optical phase-plane plot for the same material at each respective wavelength or RGB color 

channel (Fig. 4.3a). This approach generates a distinct Amp.CM for every wavelength or color 

channel across each functionalized hydrogel.  
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Figure 4.3: Correlation Analysis. 

A subsequent correlation analysis was then performed to evaluate the agreement between the 

reference Pine instrument and the camera-based image analysis framework, allowing assessment 

of how well the simplified RGB-based approach captures the quantitative amplitude of redox-

driven optical change (Fig. 4.3b). Consistent with the results reported in Chapter 3, both 

functionalized hydrogels exhibited strong correlations, with R2 values exceeding 0.97. This 

indicates that over 97% of the variance in the RGB-derived data is explained by the 

corresponding spectral measurements, further confirming the high degree of quantitative 

agreement between the two measurement modalities. 
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4B: Redox Switching Multimodal Analysis 

Multimodal Optical Behavior in Redox Switching 

A key advantage of the camera-based image analysis framework is its ability to support 

multimodal optical imaging. In addition to tracking absorbance, the imaging platform enables 

simultaneous monitoring of fluorescence throughout electrochemically induced redox cycling, 

providing access to complementary optical information.  

The underlying electrochemical behavior follows the mediator-driven redox cycling mechanism 

described previously, in which soluble species facilitate electron transfer between the electrode 

and the grafted film. While absorbance increases during oxidation as catechol groups are 

converted to quinone, fluorescence exhibits an inverse response, increasing during reduction as 

quinone is converted back to catechol. This out-of-phase relationship between absorbance and 

fluorescence highlights the presence of distinct optical signatures associated with different redox 

states and demonstrates the added analytical value of multimodal imaging.  
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Figure 4.4: Redox-Based Multimodal Optical Switching 

Image-Based Multimodal Monitoring 

To monitor fluorescent behavior in Cat-chit and Cat-PEG during redox cycling, the same CV 

protocol described in Chapter 4a was conducted using only the camera-based imaging platform. 

Fig. 4.5a shows the applied potential waveform alongside the corresponding detrended current-

time, charge-time, and fluorescence-time data. In this system, fluorescence was out of phase 

relative to the applied electrochemical input. Specifically, as the catechol groups were reduced, 

an increase in fluorescence intensity was observed in Cat-PEG. In contrast, cat-Chit displayed no 

measurable fluorescence modulation during redox cycling, highlighting the selective sensitivity 

of the imaging approach and its ability to differentiate material-specific optical behavior.  

To further emphasize the spatial and visual nature of this technique, Fig. 4.5b presents 

representative microscope images captured at peak oxidation and reduction potentials. These 
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images directly illustrate the redox-dependent fluorescence switching observed in cat-PEG, as 

well as the absence of fluorescence response in Cat-chit. The phase relationship is evident both 

qualitatively in the images and quantitatively in the extracted intensity profiles, where 

fluorescence intensity is inversely correlated with charge.  

To directly compare multimodal optical responses, absorbance and fluorescence signals for cat-

PEG were plotted together (Fig. 4.5c). Absorbance increases in phase with catechol oxidation, 

while fluorescence intensity increases during reduction of quinone species. This results in a clear 

180° phase offset between absorbance and fluorescence signals, demonstrating that each 

modality probes distinct aspects of the redox state. Together, these results highlight the 

capability of the camera-based platform to capture complementary, redox-dependent optical 

signatures via absorbance and fluorescence measurements. 

 
Figure 4.5: Multimodal Optical Monitoring. (a) Time series plots and corresponding (b) microscope images of cat-chit and cat-

PEG, data has been detrended. (c) Overlay of both absorbance and fluorescence switching in cat-PEG, data has been detrended. 
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Chapter 5: Spatial Resolution in Patterned Electrode Geometries 
 

Motivation 

In this chapter, patterned electrodes were employed to highlight the enhanced capability to detect 

spatially resolved gradients afforded by the camera-based image analysis framework. Unlike 

spectrometers, which provide spatially averages signals, the imaging approach enables localized 

optical responses to be resolved across complex electrode geometries. 

To demonstrate this capability, dual working electrodes were fabricated on a single ITO substrate 

using the laser engraving procedures described in the experimental methods. In this 

configuration, independent electrochemical potentials can be applied simultaneously to each 

electrode, enabling opposing redox states to be generated within the same field of view. This 

represents a distinct advancement over previous experiments, where all regions of the well were 

subjected to a uniform potential. 

By adapting the ImageJ analysis macro to define separate regions of interests (ROIs) for each 

electrode, spatially resolved optical signals can be extracted independently. This enables direct 

visualization of redox behavior, where opposing fluorescence responses can be observed as a 

function of the cat-PEG redox state under different applied potentials.  

Patterned Electrode Geometry 

The electrode used in this study was specifically designed to enable spatially resolved 

electrochemical control within a single well. The patterned ITO substrate consisted of two 
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interdigitated, comb-like working electrodes that converge at the center of the device (Fig. 5.1). 

This geometry maximizes the proximity of independently controlled regions while maintaining 

electrochemical isolation between electrodes.  

The same ITO glass substrate used in the 4-well platform described in Chapters 3 and 4 was 

adapted for this configuration, with the surface divided into two working electrodes rather than 

four. Fig. 5.1a shows a top-down view of the spectroelectrochemical platform, corresponding to 

the perspective captured by the imaging system, with both working electrodes highlighted. Fig. 

5.1b presents an angled view of the device, identifying the placement of the working, counter, 

and reference electrodes. This overall set-up retains the same counter and reference electrode 

configuration, as well as the same platform architecture as the previously described 4-well 

system.  

 

Figure 5.1: Patterned Electrode Views 
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Operando Electrode Modulation 

Fabrication of Film 

Fabrication of Cat-PEG on the patterned electrode follows the procedures outlined in the 

Experimental Methods section, with minor adaptations for the dual-electrode configuration. 

The protocol for sealing the 3D-printed housing to the two-electrode ITO coated glass remained 

unchanged.  

For electrodeposition, 500uL of the deposition solution (50mM Catechol, 50 mg mL-1 4-arm 

thiol PEG) was micropipetted into the single-well. The reference, counter, and both working 

electrode leads were connected from the spectroelectrochemical platform to the electrochemical 

analyzer. An anodic potential of +1.0V was then applied for 5 minutes to both working 

electrodes simultaneously, resulting in formation of a uniform cat-PEG hydrogel layer across 

each electrode surface (Fig. 5.2 left). Following this, the deposition solution was removed and 

replaced with PB for a 30-minute incubation period. During incubation, the film becomes 

reduced because of the neutral pH of PB, seen under fluorescence imaging(Fig. 5.2 right). 

 

Figure 5.2: After-Deposition Images 
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Redox Probing 

To demonstrate redox-switching behavior within the patterned electrode system, a solution 

containing both mediators (0.5mM Ru3+, 0.5mM Fc) was added to the single-well device. 

Chronocoulometry (CC) was then performed by applying alternating oxidative (+1.0V) and 

reductive (-0.6V) potentials in three pulse intervals of 2 minutes (120 s) each (Fig 5.3 top and 

bottom). Importantly, the two working electrodes received out-of-phase pulse sequences, such 

that one electrode experienced an oxidative potential while the other a reductive potential.  

The resulting charge-time and fluorescence-time responses are shown in Fig. 5.3, highlighting 

the redox-dependent fluorescent behavior of cat-PEG. Consistent with earlier observations, 

fluorescence intensity acts inversely with catechol oxidation state, increasing under reductive 

conditions and decreasing under oxidative conditions. Because the electrodes received opposing 

potential, this results in spatially distinct fluorescence responses across the two electrode 

surfaces.  

This behavior is further illustrated through representative microscope images captured at the 

beginning of each experiment and at the end of each potential pulse (Fig. 5.3 middle). Initially, 

both electrodes exhibit minimal fluorescence, indicating similar redox states. Following the first 

pulse interval, a clear divergence is observed: the electrode subjected to the reductive potential 

displays a pronounced increase in fluorescence intensity, while the electrode under oxidative 

potential remains comparatively unchanged. This alternating pattern persists throughout 

subsequent pulse intervals, with fluorescence switching between electrodes in accordance with 

the opposing applied potential.   
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Figure 5.3: Redox-Dependent Electrode Modulation. Chronocoulometry experiments to create potential pulses for a period of 

120 seconds each, alternating between oxidative and reductive potentials.  

Overall, the results presented in this chapter highlight the unique capability of the camera-based 

image analysis framework to resolve spatially complex electrochemical behavior that is 

inaccessible via conventional spectroscopy. By integrating independently addressable electrodes 
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within a single viewpoint, this approach enables direct visualization of spatiotemporally varying 

redox states, revealing distinct optical responses under opposing electrochemical conditions. The 

ability to capture these spatially heterogenous signals in real time, while maintaining both 

absorbance and fluorescence modalities, provides a significant advantage over traditional 

methods that rely on spatially averaged measurements. This chapter demonstrates that image-

based analysis not only preserves key electrochemical and optical trends (as seen in Chapters 3 

and 4), but also extends capability into the spatial domain, offering a powerful platform for 

studying complex, spatially heterogenous spectroelectrochemical systems.  
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Chapter 6: Conclusion 

Key Findings 

Chapter 3 of this thesis investigated the electrochemical fabrication of two catechol-

functionalized hydrogels (Cat-chit and Cat-PEG) across two experimental setups. The primary 

objective was to evaluate whether the newly developed camera-based image analysis framework 

could produce filter-dependent optical information analogous to wavelength-dependent data 

obtained from a spectroelectrochemical reference instrument. The results demonstrated strong 

agreement between the two approaches, with both conjugation chemistries exhibiting consistent 

charge-dependent optical behavior across measurement instruments.  

Chapter 4 built upon these key findings by probing the redox-dependent optical switching of the 

fabricated hydrogels. The first section compared absorbance changes during redox cycling in 

both the reference instrument and the image-based framework, further confirming close 

agreement between the two methods. The second section leveraged the multimodal capability of 

the imaging approach to simultaneously monitor absorbance and fluorescence. While cat-chit 

exhibited no fluorescence response, cat-PEG displayed both absorbance and fluorescence 

signals, with a clear 180° phase offset between the two.  

Chapter 5 introduced spatial complexity using a patterned electrode system consisting of two 

independently controlled working electrodes within a single well. Using cat-PEG functionalized 

electrodes, opposing electrochemical potentials were applied simultaneously to generate spatially 

distinct redox environments. The camera-based method successfully resolved these localized 

responses, with fluorescence intensity increasing under reductive conditions and decreasing 

under oxidative conditions.  
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Advantages and Limitations of the Framework 

This work highlights the tradeoff between traditional spectroscopic instrumentation and the 

proposed image-based analysis approach, emphasizing a balance between spectral resolution and 

spatial and temporal capability. Conventional spectroscopy provides highly resolved, 

wavelength-dependent information across the full optical spectrum, enabling a detailed 

characterization of molecular features51. In contrast, the image-based framework reduces this 

complexity by compressing spectral information into RGB channels, resulting in a loss of fine 

spectral detail at specific wavelengths. 

Despite this limitation, the image-based approach offers significant advantages in both temporal 

and spatial resolution. In contrast to conventional spectroscopy that requires sequential 

wavelength scanning, limiting acquisition speed, this approach leverages discrete filters to 

capture sufficient spectral information without sacrificing temporal resolution. This enables 

continuous, high-frequency image acquisition on sub-second timescales with flexible 

synchronization to electrical outputs. Importantly, we demonstrate the feasibility of the three 

filters to resolve relevant spectral differences, as shown by distinguishing between the formation 

of two chemically distinct catechol-conjugated films. In addition, the spatial capability of 

imaging allows for region-specific analysis, enabling a unique visualization of heterogenous 

environments across complex electrode geometries. This capability is not accessible within 

conventional spectroscopy, which relies on spatially averaged measurements.  

Together, these results illustrate that while the RGB-based image analysis framework does not 

replace full-spectrum spectroscopy, it provides a complementary approach that prioritizes speed, 

simplicity, and cost. Therefore, the choice between methods depends solely on the specific 
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analytical needs of a system, with the imaging platform offering distinct advantages when 

studying dynamic and spatially complex processes.  

Future Work 

Gel-Dependent Modulation 

While the patterned electrode work focused on redox switching within a single catechol-

functionalized hydrogel (Cat-PEG), future studies could explore systems containing multiple 

materials within the same device. For example, depositing distinct catechol-functionalized 

hydrogels (cat-chit or cat-PEG) on separate electrodes within a single well would enable direct, 

simultaneous comparison of their redox-dependent optical responses. Coupled with 

independently controlled or synchronized electrical inputs, this approach would allow for 

electrode-specific modulation of different conjugation chemistries in a shared environment. Such 

experiments could provide deeper insight into how variations in grafting chemistry influence 

redox behavior under shared experimental conditions.  

Biomimetic Memory Material 

An additional direction could be investigating the persistence of redox states in catechol-

functionalized hydrogels, with the goal of developing biomimetic memory-like materials. By 

applying pulsed electrochemical inputs and subsequently removing the applied potential, the 

temporal stability of induced optical states (fluorescence or absorbance) can be monitored. Using 

the imaging platform, the retention or decay of these signals could be tracked in both time and 

space, providing insight into the extent to which these materials contain “redox memory.”  
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Biological Sensing 

Building on the observed redox-dependent optical switching of Cat-PEG, future work could 

explore its application as a sensing platform. The material may be used to detect the presence of 

redox-active species, such as antioxidants or pro-oxidants, which can interact with grafted 

catechol groups and induce measurable optical changes. Additionally, incorporation of biological 

systems, such as living cells, could enable monitoring of cell-mediated redox activity at material 

interfaces. In such cases, cellular processes that alter local redox environment may lead to 

detectable decreases in absorbance or increases in fluorescence, providing a foundation for 

developing image-based, electrochemically responsive biosensing platforms.   
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Appendices 
 

 

Raw data from Chapter 4: Phase Plane Analysis before detrending was applied. Detrending was 

conducted using OriginPro’s Peaks and Baseline toolbox, using adjacent-averaging smoothing 

with 4 user-defined points of the corresponding minima.  
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