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Transporter proteins are ubiquitous in nature and play major roles in the uptake, redistribution, 

and efflux of ions and small molecules required by organisms to maintain homeostasis. 

Disruptions to transporter function are associated with a variety of diseases and phenotypical 

abnormalities. In humans, this is evident in the case of diseases such as Menkes and Wilson 

while in plants, disruption of copper transporters has been associated with phenotypic 

abnormalities such as reduced growth, fruit yield, and death. The prevalence and association of 

transporter proteins to many diseases and disorders have highlighted their importance and made 

them the target of scientific investigation. 

Despite the strong interest in these proteins, transporter proteins remain a challenge to 

study. In plants, access to the plasma membrane is hampered by the presence of the cell wall 

and transport proteins may also be localized to internal organelles further limiting their 

accessibility. Membrane proteins contain hydrophobic regions complicating attempts to isolate 

and study them, as these non-polar moieties must be stabilized to maintain form and function. 

Traditional methodologies for measuring transporter proteins heavily rely on indirect in vivo 

assays that often require expression in non-native systems, possibly resulting in changes in 

protein behavior. Direct measurement modalities such as patch-clamp are mainly amenable to 

certain transporter proteins, such as ion channels, which display electrogenic and fast transport 

activity. This precludes the measurement of ion transport of many slower or electroneutral 

transporters such as transport proteins.  



 

To address the demand for characterizing this class of proteins, I developed a 

biomimetic system capable of the direct translation of transport protein function to measurable 

output, called, “Plant Membrane-on-Chip” platform. This platform leverages the properties of 

supported lipid membranes to recapitulate the native membrane environment of the transporter 

proteins through the inclusion of native membrane materials and retention of orientation and 

fluidity properties. The crucial addition of a biocompatible electronic chip enables the 

measurement of transporter function using traditional electrochemical characterization 

techniques that are label-free, sensitive, and non-destructive. For this dissertation, I demonstrate 

the use of a Plant Membrane-on-Chip device derived from Arabidopsis thaliana plasma 

membrane material in electrically measuring the function of the copper transporter protein 

AtCOPT1. Critically, this project highlighted how the use of traditional resistance-based 

analysis methodologies can be incorporated with new bio-mimics to detect the activity of a non-

electrogenic transporter previously thought to be unamenable to direct electrical analyses. 
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CHAPTER 1: INTRODUCTION 

The cell contains many membranes that serve multiple functions such as cell signaling, 

response, and compartmentalization. These functional membranes are integral to numerous 

biological processes and the maintenance of homeostasis of the cell. While most membranes 

are primarily composed of phospholipids, they are also highly complex and contain a large 

variety of proteins, sugars, and classes of lipids. Biological membranes play a prominent role in 

the mediation of the uptake and distribution of micronutrients, ions, and small molecules which 

is of great scientific interest. Of particular importance is how metal micronutrients are 

transported due to their critical function in biological processes.  

The presence of metal ions in biological organisms is a balancing act. When present in 

higher amounts, metal ions induce toxicity and abnormalities in many cases through the 

generation of free radicals.1 One such metal micronutrient is copper which serves as a cofactor 

of enzymes involved in respiration, photosynthesis, and oxidative stress management.1,2 

However, despite copper’s major biological role much remains to be learned about its cellular 

uptake, redistribution, and subsequent export. In humans, loss of copper homeostasis is 

associated with Menkes and Wilson’s diseases, while in plants, copper deficiency results in 

marked phenotypic abnormalities in leaves, roots, and reproductive tissues.3 A key player in this 

delicate equilibrium are transport proteins which are present in biological membranes and 

facilitate the movements of molecules and ions between cellular compartments and the 

environment. Loss of transporter function is often correlated to phenotypic defects similar to 

those under metal micronutrient deficiency or toxicity, depending on the role of the transport in 

question.1,4,5  

Much of our understanding of copper transporters originates from studies in animals leaving us 

with clear gaps in our understanding of how these transporters function in plants. This 

knowledge gap can in part be attributed to the difficulty in studying transmembrane proteins but 
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also the unique difficulties that present themselves in plant systems. In the following sections, I 

expand upon these challenges and the unique methods of overcoming them. 

 

1.1 Arabidopsis Metal Ion Transporters 

In many eukaryotes, several copper transporters have been identified,4,6,7 but the primary 

transporter proteins responsible for high affinity copper transport are believed to be the family 

of Copper Transport Proteins (CTR) found in humans, animals, and yeast. Similarly, plants 

possess a homologue to CTR known as COPT (COPper Transporter). In Arabidopsis, six 

members of the CTR/COPT family have been identified [Fig 1.1]. Denoted as 

AtCOPT1/2/3/4/5/6, all have been associated with Cu(I) transport except COPT4 whose 

function remains unknown.3,8 Each COPT occupies a functional niche in the plant; AtCOPT1 

and AtCOPT2 are highly expressed in the roots where they mediate Cu(I) uptake.9–11 

AtCOPT5 is found throughout the plant as is AtCOPT6 though its primary expression is in 

vascular tissues.3 AtCOPT3/5 have been shown to be localized to the internal membrane 

compartments. AtCOPT5 is believed to facilitate Cu efflux from vacuole storage under copper 

deficiency and AtCOPT3 is thought 

to be associated with membranes of 

the ER, but limited evidence of this 

is available.1,12,13  

X-ray crystal structure of the 

human homologue hCtr1 indicates 

that it possesses three 

transmembrane (TM) helices with 

an extracellular N-termini and 

cytosolic C-terminal.14,15 While X-

Figure 1.1 Copper Transporter System in 

Arabidopsis Depiction of the proposed copper 

transportation system in an Arabidopsis cell mediated 

by transporter proteins to achieve copper uptake, efflux 

and redistribution inter- and extracellularly.  

Figure created with BioRender 
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ray crystal structures of AtCOPTs have yet to be resolved, protein folding predictions and the 

highly conserved nature of the CTR/COPT family suggest that AtCOPTs should be 

structurally similar.10,16,17 CTR/COPTs have a conserved N terminal motif, MXXXM motif on 

TM2, GXXXXG motif on TM3, and cysteine rich CXC motif on the c-terminal [Fig. 

1.2].8,14,15 The n-terminal Met127 is proposed to be required for Cu(I) acquisition from the 

extracellular environment, Met260 of the TM2 motif for transport and the C terminal for 

offloading of Cu(I) to cytosolic copper chaperones.18,19 Recent work in AtCOPT1 has 

identified His43 as a residue in the N-terminal domain of essential for copper ligand binding 

and stabilization.20 Interestingly, His43 mutants retained activity in yeast but proved unstable 

in Arabidopsis, once again, highlighting the caveats to exogenous expression. The small 

number of transmembrane domains in CTR/COPT as compared to many other membrane 

transporters that have 6-12 or more suggest that CTR/COPT must homo-oligomerize to form a 

Figure 1.2: Proposed structure of CTR/COPT 

(RIGHT) Structure of CTR/COPT family of Cu transporters. Important features included 

three transmembrane domains with conserved residues in transmembrane domain 2 (TM2) 

and transmembrane domain 3 (TM3). Additional features include an extraluminal n-terminal 

(Nt) with methionine residues and a luminal c-terminal (Ct) with a largely conserved cysteine 

motif (LEFT) CTR/COPT in the proposed trimer complex for Cu(I) transport with the 

transmembrane domains forming a transmembrane pore. (TM3 not show for simplicity). 

Methionine residues in the Nt recruit Cu(I) from the microenvironment where it is then 

shuttled through the pore by methionine residues in TM2 before reaching the Ct CxC for 

subsequent transport by copper chaperones 

 

Figure created with BioRender 
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functional membrane pore.14,15 Evidence has also been shown to indicate that they trimerse 

and can also form heteromers and interact with proteins outside the CTR/COPT family.21–23 

AtCOPT1 is known to interact with AtCOPT6 and two ER localized proteins9, UBAC2a and 

UBAC2b, have been reported to interact with AtCOPT1 and promote its accumulation.24 

AtCOPT1/2/6 are believed to be high-affinity (Km ≤ 5µM) Cu(I) specific transporters 

localized to the plasma membrane and controlled by the Cu homeostasis regulator, 

SQUAMOSA promotor-binding protein-like 7 (SPL7).9,10,25 Uptake assays in yeast on 

CTR/COPT indicate a specificity to monovalent cations, primarily Cu(I) and to a lesser extent 

Ag(I) with some evidence in CTR showing that some divalent cations like Zn(II) might have 

an inhibitory effect on CTR/COPT mediated transport, but the mechanism behind this 

interaction remains to be elucidated.8,9,26 The reduction of the predominate oxidative state 

Cu(II) to Cu(I) is thought to be accomplished by several cell surface metalloreductases 

including FRO4/5 in A. thaliana and recent studies in hCTR1 suggest the possibility of 

reducing biological agents such as ascorbate.27,28 

 

1.2 Current Strategies for Plant Functional Studies 

In plant cells, the plasma membrane plays a key function in the uptake of specific 

micronutrients, while other specialized membranes such as the vacuole tonoplast help to 

maintain homeostasis through the storage and later release of nutrients within the cell. Studying 

these membranes and the transport proteins that support their functions has proven to be a 

challenge arising, in part, from physical barriers such as the protective plant cell wall and 

inaccessibility of inner membrane compartments. Additionally, there is the relative difficulty of 

genetic manipulation in plants, and the limited availability of tools to directly study these 

membrane transporters’ biophysiological behavior. Patch clamp29 and cell-based/isolated 

membrane uptake8,30 and functional complementation assays are three traditional techniques 
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that attempt to accomplish this [Fig 1.3]. While these methods can be useful tools in 

understanding transporter protein function, due to the limitations of the plant system they are 

often carried out in non-native cell lines. Patch-clamp studies require sufficiently high 

depolarization or currents for measurable outputs. In some cases, the protoplast and transporter 

combination may not provide this, and an alternative is the exogenous expression into patch-

clamp friendly cells such as frog oocytes that can provide higher responses. Yeast, primarily 

Saccharomyces cerevisiae, has been a model organism for genetic complementation and uptake 

due to their speed of growth, ease of genetic manipulation as compared to plants and their 

homology to plants and other eukaryotes. With limited advancement in techniques, the 

comprehensive study of inner membrane proteins remains largely inaccessible, and the use of 

exogenous cell-based assays like yeast complementation is ubiquitous. 

Figure 1.3: Strategies for Plant Functional Studies 

(A) Depiction of a typical yeast functional complementation assay. Yeasts are grown on 

ethanol/glycerol YPEG non-fermentable medium. Numbers indicate dilutions of starting 

culture. Copper chelator BCDS eliminates growth of wildtype (WT). Copper uptake 

incompetent mutant (ctr1Δ ctr2Δ ctr3Δ) fail to grow on YPEG but the growth defect is rescued 

by addition of AtCOPT1 gene. (B) Carton of uptake assay performed with copper uptake 

incompetent mutant (ctr1Δ ctr2Δ ctr3Δ) modified to express plant COPT protein. Ion specificity 

and uptake is measured by radio-tracing or atomic emission spectroscopy related techniques. 

(C) Simple depiction of a patch-clamp setup on a protoplast. Glass micropipette probe with an 

electrode with single amplification circuitry establishes a seal with the plant plasma membrane. 

Figure created with BioRender 
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1.3 In-Vivo Yeast Assays 

Yeast cell-based studies have proven to be pivotal towards the discovery of transporters in the 

model plant species Arabidopsis thaliana and generally take the form of complementation or 

uptake assays. Uptake assays are commonly used in conjunction with functional 

complementation to provide a quantification of transporter activity. Typically, this is achieved 

by exposing uptake deficient yeast transformed with a AtCOPT to radiotraceable 64Cu or using 

Atomic Absorption Spectrophotometry and measuring the Cu accumulation after a set time [Fig 

1.3b].8 The identification of the first putative A. thaliana copper transporter COPT1 was 

described by Kampfenkel et al using functional complementation assays with the S. cerevisiae 

yeast mutant (ctr1-3) deficient in high affinity copper uptake.31 As a result of the mutation, yeast 

is unable to grow on nonfermentable carbon sources like glycerol under conditions of copper 

deficiency without transformation with the complementing Arabidopsis COPT1 (AtCOPT1) 

gene [Fig 1.3a]. With this study a COPper Transporters) family have been identified using S. 

cerevisiae CTR (Copper Transporter Protein) uptake deficient mutants (ctr1Δ ctr2Δ ctr3Δ).9 In 

these mutants, expression of  AtCOPT2 and AtCOPT6 were found to rescue growth defect of 

the mutant phenotype, as did AtCOPT3 and AtCOPT5 to a lesser extent, indicating these 

proteins function as copper transporters.4 These seminal works have provided a baseline for our 

understanding of Arabidopsis copper transporters. However, ectopic expression of proteins 

poses several problems – alterations to native protein behavior, lack of or mis-coordinated post-

translational modifications like glycosylation, and unintended interactions with heterologous 

systems. This is highlighted by proteins such as AtCOPT4 which failed to transfect in yeast, 

likely through induced toxicity and has yet to be functionally characterized.8 

 

1.4 Patch-clamp 

Another tool of interest is the use of electrophysiological techniques like patch-clamp to 
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understand transporter behavior. Developed initially by Neher and Sakmann in 1976, patch-

clamp is increasingly popular in the mammalian space for the study of clinically relevant ion 

channels but the adoption of patch-clamp to the plant sphere has proven to be much slower and 

challenging.32–35 As a simplified explanation, patch-clamp is a technique where membranes are 

held at either a voltage (voltage-clamp) or current (current-clamp) using a glass micropipette 

electrode to form a seal with the membrane and the resultant currents or potentials recorded [Fig 

1.3c]. Generally, due to the presence of ion channels and pumps, cells maintain an ion gradient 

that results in a membrane potential, known as the resting potential, under steady-state 

conditions. Upon addition of substrates or other initiators, provided the measured protein can 

induce a sufficiently high electrochemical change to be detected the opening of the transporter 

results in either a measurable depolarization or hyperpolarization. By evaluating the response, 

guided inferences can be made as to the kinetics and mechanism of the transport process. 

Often proteins are expressed exogenously in African clawed frog Xenopus laevis 

oocytes due to their transfection compatibility, minimize electrical noise, and provide a larger 

target for probing. However the measurement process remains challenging, and the throughput 

limited. While frog oocytes are an important model for patch-clamp, concerns have been raised 

regarding the effects of their exogenous nature particularly in observable differences in IC50 

(half-maximal inhibitory concentration) obtained from oocytes vs mammalian cell lines.36 An 

alternative to this is the patching of vascular plant protoplasts, however obtaining a sufficient 

“giga-seal” to minimize noise and provide high-resolution readings is difficult with protoplasts 

and along with the limitations of genetic manipulation techniques in plants its adoption has been 

slow.37 Initial studies in plants and oocytes showed limited success in illuminating the key 

mechanisms of CTR/COPT-mediated transport and in A. thaliana no measurable response was 

obtained with COPT1, COPT2 and COPT5 under Cu exposure.17 Based on these factors it is 

clear that to gain a better understanding of COPT proteins we need new ways to study these 
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proteins in their native setting. 

 

1.5 A New Platform for Transporter Studies: Supported Lipid Bilayers 

Cell membranes are specialized biological membranes composed of amphiphilic 

phospholipids, structural and functional proteins as well as several other biomolecules, lipids 

and sugars. These membranes are specialized based on their functional role and localization 

and perform critical roles in intercellular communication, signal transduction, enzymatic 

activity, and ion transport.38–40 Failure of membrane proteins associated with many of these 

processes often leads to drastic and sometimes lethal effects. Due to the prevalence and 

ubiquitous nature of these proteins, many tools have been developed to investigate the 

properties of cell membranes. One such development is the creation of bilayers that retain the 

double leaflet structure of native membranes and are composed of purified lipids incorporated 

with extracted and purified proteins.41–43 This extraction process, often detergent based, risks 

damaging protein targets and the reconstitution step is difficult, especially with 

transmembrane proteins that contain hydrophobic regions that render them insoluble.44,45 

Pioneered by Tamm and McConnell, supported lipid bilayers (SLB) began as simple 

mono-lipid bilayers that have evolved to allow for the incorporation of many more complex 

molecules and proteins. These modern SLBs can be created from membrane-derived vesicles 

and have been used extensively by the Daniel group to study membrane interactions with a 

variety of biological subjects.46–48 Generally, there are three major methods for the preparation 

of SLBs – Langmuir-Blodgett (LB)/Langmuir-Schaefer (LS), solvent-assisted lipid bilayer 

(SALB), and vesicle fusion. Incorporation of proteins into bilayers with LB/LS and SALB 

methods is difficult due to the presence of organic solvents so most applications towards the 

formation of native membrane SLBs have utilized vesicle fusion.49 To form SLBs with vesicle 

fusion, vesicles are isolated from membranes that have budded off in either a natural or 
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induced process and are then ruptured on a solid support using fusogenic liposomes [Fig 1.4]. 

The rupture of vesicles is dominated by electrostatic and van der Waals interactions and as 

such, this process can be highly dependent on surface chemistries and roughness. As the 

compositions of vesicles vary, fusogenic liposome charge and composition must be tailored. 

Commonly used liposomes include 1-Palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) 

and other lipids which vary by head group and number of double bonds. The differences in 

these properties amongst phospholipids allow for the tunning of liposome charge, curvature, 

and membrane fluidity. The resultant SLB is around 4 nm in thickness and floats on a 1nm 

layer of water that confers a level of mobility to membrane proteins. If further mobility is 

required SLBs can be formed on hydrophilic polymers that act as cushions limiting contact to 

the solid support.50–52 The advantage to this approach is that the resulting membranes retain 

key features of the native biological system such as orientation, constituents, and component 

diversity along with mobility.51–53 This provides a platform for study that is a more holistic 

representation of the native membrane and maintains some of the properties/processes that are 

present in the living cell. In turn, this platform allows for the possibility to investigate protein 

transporters without the worry of off-target and unexpected effects of ectopic expression. The 

Figure 1.4: Schematic of the formation of plant supported lipid bilayers via vesicle fusion 

(1) Microvesicle plant ‘bleb’ isolated from protoplast (2) Blebs adsorbed onto a 

surface treated solid support (3) Addition of tailored composition fusogenic liposomes 

(5) Rupture of liposomes and blebs resulting in formation of a contiguous  

Figure created with BioRender 
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planar nature of SLBs makes them amenable to a range of optical and electrochemical 

characterization methodologies. Prior work by our lab and others has shown that SLB can be 

integrated with electrical sensor systems to understand mammalian and bacterial membrane 

protein’s function.48,54 This provides a tool for the study of membrane proteins in vitro while 

maintaining them in a like-native environment often not possible with patch clamp and yeast 

assays. By taking advantage of this compatibility, the goal of my thesis work was to create a 

bio-mimetic platform that retains the basic functions of the plant membrane and to utilize it to 

study the Arabidopsis family of copper transporters, specifically COPT1. 

 

1.6 Electrochemical Characterization 

Electrophysiological characterization of membrane proteins has become increasing popular 

over time due to its ability to supply easily quantifiable data, simplicity and the direct insight 

it provides into processes controlled by electrochemical interactions.55 Generally, these 

techniques utilize a system of electrodes wherein specific voltages, currents, or resistances are 

maintained or fluxed and the corresponding response is recorded. Techniques that utilize 

relatively small voltages are highly desirable as they minimize damage to biological 

structures. The use of impedance-based sensing techniques such as EIS is amenable with 

transporters that are slow or electroneutral, unlike traditional patch-clamp. Furthermore, many 

transporters behave as single file ion channels which have been shown to display ion 

permeation rate changes with concentration and have saturable velocities making them ideal 

for models of enzyme kinetics such as Michaelis-Menton.56,57 

The Daniel group and others have shown the capability of this technique to be 

expanded to the investigation of SLB through the incorporation of a conductive support 

material.48,58,59 Common surfaces compatible with SLBs include metals such as gold or silver, 

metal oxides like indium-tin oxide (ITO) and organic molecules such as polymers. An 
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increasingly popular material, the conductive polymer poly(3,4-ethylenedioxythiophene) p-

type doped with poly(styrene sulfonate) (PEDOT:PSS) is often used due to its 

biocompatibility and its volumetric capacitance.60–62 Additionally, as PEDOT:PSS swells in 

aqueous solutions, it acts as a support aiding to preserve the integrity and in-plane mobility of 

membrane proteins. 

 

1.7 Organic Electrochemical Transistors 

Organic Electrochemical Transistors (OECT) are an electrophysiology platform that allows 

for the interrogation of surface materials. OECTs amplify signals and allow for the capture of 

intrinsic time constants that relate to the permissibility of ion flux through the added surface 

material and subsequent doping and de-doping of the underlying conjugated polymer, such as 

PEDOT:PSS.55,63 Generally, OECTs are composed of a gate, a source, and a drain electrode. 

The source and drain are interconnected via an organic semiconductor channel material like 

PEDOT:PSS. In practice, the source and drain electrodes are in contact with the electrolyte, 

and the voltage at the drain is controlled by the gate electrode resulting in a change in drain 

current.60,61,64 The OECT device’s configuration enables a variety of electrical characterization 

Figure 1.5: Organic Electrochemical Transistor 

(A) Image of an Organic Electrochemical Transistor (OECT) device (B) Depiction of OECT 

device configured for Voltage Step Analysis experiments (C) Representative drain current 

response of a single experiment with a Plant-on-Chip OECT device measured using Voltage 

Step analysis. Plain PEDOT device (black), SLB (blue), and analyte treatment at a low 

(green) and higher concentration (purple). The upward shift in the curve is indicative of a 

decrease in time delay as the transporter activates allowing ion flux. (D) Depiction of the 

OECT device configured for Impedance Spectroscopy (EIS) measurements 

Figure created with BioRender 
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assays [Fig 1.5]. A technique used in conjunction with OECTs is potential step 

chronoamperometry (also known as voltage step analysis) wherein a step voltage is applied at 

the gate, and the transient current response at the drain and its delay are recorded. This time 

delay, related to the ion flux and overlaying surfaces admittance, is dependent on the porosity 

of the SLB and thus allows for detection of the opening of ion channels and transporters. 

OECTs can also be configured for use in impedance-based measurements by using the entire 

transistor as the working electrode. 

 

1.8 Electrochemical Impedance Spectroscopy 

Impedance based techniques such as electrochemical impedance spectroscopy (EIS) are 

another powerful technique to study SLBs owing to its non-destructive and sensitive 

properties. EIS utilizes a system of electrodes wherein a current is passed through at various 

frequencies (typically 100 to 106 Hz) and the impedance response is recorded. The impedance 

is a complex quantity composed of a real and imaginary component and is defined as the 

inverse of the admittance in an alternating current and so in this system represents the 

resistance to current flow in an alternating current. The derivation of the electrical model is 

formulated from the assumption of a dielectric ‘slab’ with an ionic current arising from ion 

flux through it, and a capacitive current, originating from the variation over time of ions 

building up at the slab boundary.65 The total resultant current is the sum of these two values 

and is thus simulated by an RC mesh - resistor (for ionic current) and a capacitor (for 

capacitive current) in parallel. The impedance profile of a material applied in the electrical 

path can then be regarded as an additional RC meshes in series. 

Resistive and capacitive components respond differently to the application of an alternating 

current with frequency. A pure resistor yields a current, I, of the same frequency, f, and a 

magnitude described by the equation: 
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𝐕 = 𝐈𝐑      (1) 

However, a capacitor yields a current similarly of same frequency but with an amplitude of 

2πfC out of phase by -π/2. Therefore, the impedance, Z, for a resistive element is equal to the 

resistance, and the impedance in a capacitive element is given by: 

𝒁 =
𝟏

𝒊𝝎𝐂
     (2) 

where ω is the angular frequency.65 Hence on a Bode plot of log(|impedance|) vs. 

log(frequency) the impedance profile from EIS of a resistor element appears as a constant 

horizontal line of fixed impedance while that of a capacitive element appears as a downward 

slope as capacitive impedance decreases with increasing frequency. 

A bare device composed of a PEDOT:PSS coated gold electrode can be modeled as 

series of dielectric slabs with RC meshes for the electrolyte buffer which possesses a resistive 

and low non-zero capacitance and the PEDOT:PSS which has a capacitive and measurable 

non-infinite impedance.66 An approximation can be applied for the system for a PEDOT:PSS 

layer with pure capacitance and an electrolyte layer with pure resistance. The overall 

impedance in an electrical circuit is dominated by the circuit element with the greatest 

impedance in a series configuration and by the circuit element with the lowest impedance in 

parallel. As a result, a bare device composed of electrode coated with PEDOT:PSS and buffer 

exhibits a distinct profile due to the domination of the capacitive impedance at low 

frequencies and the resistive (electrolyte buffer and wires) impedance at high frequencies. 

This system can then be modeled as a capacitor in series with a resistor. The electrode surface 

can then be monitored as material is added or removed from the device as a change in the 

impedance profile and resulting component values in the equivalent electrical circuit (EEC) 

model. 

When modeling a system as an equivalent electrical circuit the SLB can be described 

as a dielectric slab and the overall system is defined as a SLB RC mesh in series with the 
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aforementioned PEDOT:PSS capacitive component and electrolyte resistive component [Fig 

1.6a].65,67,68 Additional RC meshes can be added in series to account for the inclusion of other 

components to the bilayer and empirically fit to experimental data until an acceptable fitting 

error is obtained. For the application used in this work, the use of single SLB associated RC 

mesh is acceptable [Fig 1.6c]. The capacitance of PEDOT:PSS scales volumetrically and its 

addition lowers the system impedance of the bare gold electrode69 alone and allows for the 

resolution of the characteristic Bode ‘chair’ response upon the formation of an ideal SLB on 

the PEDOT:PSS surface. The Bode plot of the SLB device appears as the impedance profile of 

a bare device with the addition of a SLB dominated middle frequency range [Fig 1.6b]. Upon 

addition of active substrates or molecules that modify the SLB permeability, changes to the 

derived membrane resistance (Rm) can be obtained. This has proven useful in the past at 

Figure 1.6: Electrochemical Impedance Spectroscopy 

(A) Depiction of SLB electrode device configured for Electrochemical Impedance 

Spectroscopy (EIS) measurements. RC-meshes are associated with system components 

(PEDOT:PSS, Electrolyte, SLB) (B) Representative Bode impedance profile of a device 

measured using EIS first with plain gold electrode (blue), a  PEDOT:PSS coated gold 

electrode device (black/gray), addition of a SLB (red) to PEDOT:PSS device, activation of 

a transporter (yellow) in the SLB and resultant change in membrane resistance (ΔRm). Log 

of the real impedance is plotted vs the log of the frequency. (C) Simplified equivalent 

electrical circuit (EEC) model of SLB device used to fit impedance response and obtain a 

SLB associated resistance, Rm. EEC is derived from the series RC mesh model and 

confirmed empirically. 

Figure created with BioRender 
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measuring transport through membrane imbedded transmembrane proteins.55,61 In chapter 2, I 

will further describe how I utilize these methodologies with a plant membrane derived SLB to 

explore the function of members of the AtCOPT family of Cu transporters.  
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Abstract 

Transporter proteins with electrogenic and slow transport are fundamental to many biological 

processes in plants. However, due to their properties and membrane localization, they have 

posed a significant challenge to their direct characterization and our understanding. Provided 

the limitations of exogenous expression systems and the difficulties of in planta assays, it is 

crucial that we identify new platforms that can recapitulate the plant membrane environment|. 

Our biomembrane platform allows for the incorporation of electrical components and 

leverages the use of resistive analysis modalities to measure transport activity irrespective of a 

protein’s electrical nature. We find that through the incorporation of native membrane 

components and transporter proteins onto a biocompatible substrate we can directly 

electrically detect the function of transporter widely believed to be electroneutral and 

undetectable by electrical means. We utilize COPT1 in Arabidopsis thaliana as a basis for our 

initial work, but we envision a future where this platform can be extended to study a wide 

range of transporters regardless of plant biological origin, cell type and localization. 
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2.1 Introduction 

Membrane proteins play a critical role in the regulation of cellular homeostasis by mediating 

biological processes that include cellular transport, cell-to-cell communication, reactions, and 

signal transduction. Transport proteins in particular are of major interest due to their ability to 

uptake and redistribute important micronutrients in a wide range of organisms from mammals 

to plants and bacteria. In plants, the regulation of physiological concentrations of ions is 

critical for survival. There are eight micronutrients that are considered essential to higher 

plants: B, Cl, Cu, Fe, Mn, Mo, Ni, and Zn.70 Deficiencies in these micronutrients result in 

major abnormalities in plants such as decreased growth and reduced fruit formation. When 

present in excess, these ions can induce toxicity in plants producing of reactive oxygen species 

(ROS), leaf malformation, reduced root length and death.1,70 Transport proteins help maintain 

optimal concentrations of these micronutrients by intaking and distributing ions into plant 

tissues in times of scarcity and reducing intake through negative feedback loops when they are 

in abundance. Not surprisingly, the loss of these transporters disrupts this delicate balance, 

resulting in deleterious effects. 

Copper ions play a major role as a cofactor in respiration, photosynthesis, and 

oxidative stress management. In plants, copper ions have been also tied to the processes of 

ethylene signaling,71,72 senescence,73 plant defense mechanisms,74,75 and reproduction.25,76 

Copper deficiency greatly impacts fertility leading to decreases in grain yield, disturbed iron 

homeostasis and observable changes to reproductive structures such as pollen malformation.3 

AtCOPT1 is a member of a large family of high-affinity Cu(I) specific transporters known as 

COPT (COPper Transporters) present in Arabidopsis thaliana and other plant species. In A. 

thaliana six members of the COPT family have been identified. Denoted as 

AtCOPT1/2/3/4/5/6, all have been associated with Cu(I) transport except COPT4 whose 

function remains unknown.1,4 Each AtCOPT occupies a functional niche in the plant; 
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AtCOPT1 and AtCOPT2 are highly expressed in the roots where they mediate Cu(I) uptake,11 

AtCOPT5 is found throughout the plant as is AtCOPT69 though its primary expression is in 

vascular tissues.10 AtCOPT3/5 have been shown to be localized to the internal membrane 

compartments. AtCOPT5 is believed to facilitate Cu efflux from vacuole storage under copper 

deficiency3,13 and AtCOPT3 is thought to be associated with membranes of the ER, but limited 

evidence of this is available77. COPT proteins are also suspected to serve an important role in 

plant reproduction; however much of our knowledge of their function and structure is derived 

from studies of the homologous CTR (Copper Transporter) family found in mammals and 

yeast.8,9,11,31 Protein folding simulations and X-ray crystallography experiments carried out 

with human CTR1 (hCTR1) suggest that COPT proteins have three transmembrane domains 

and function as a trimeric complex. These transmembrane domains within a trimeric complex 

interact to form a pore and conserved internal methionine residues facilitate unidirectional 

Cu(I) shuttling.78 N-terminal motifs in COPT1 are primarily responsible for the recruitment of 

Cu(I) from the microenvironment and COPT/CTR C-terminal motifs interact with cytosolic 

Cu chaperones.8,14,20  

Studying these membrane transporters has proven to be a challenge arising, in part, 

from the presence of the protective plant cell wall and the limited availability of tools to 

directly study these membrane transporters’ biophysiological behavior and mode of operation. 

Standard in vivo cell-based copper uptake and complementation assays completed using S. 

Cerevisiae Cu uptake deficient mutants ctr1Δ, ctr2Δ, and ctr3Δ have functionally identified 

the A. thaliana Cu transporters AtCOPT1, AtCOPT2, AtCOPT3, AtCOPT5, and AtCOPT6. 

Functional assays with heterologous expression of nonendogenous plant transporters in yeast, 

however, can carry inherent risks, namely the potential for non-native interactions.4,9 

Alterations to native protein behavior and potential toxicity limits the compatibility of some 

transporters such as AtCOPT4 with these methods.8 Since yeast complementation assays do 
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not provide direct measurements of protein activity, it is becoming increasingly common to 

use electrophysiological techniques. One such method to directly measure transporter function 

is patch-clamp, which is commonly used to study ion channels in animals. Patch-clamp relies 

upon detecting changes in membrane polarization during activation of channel proteins. 

However, patch-clamp is difficult to master and many transport proteins including COPTs 

have been found to be incompatible with patch clamp due to either their non-electrogenic 

nature or slower transport kinetics.17 

The ideal experimental system would allow direct measurement of copper transport 

activity whilst maintaining an environment like that of the native plant. In vitro assays and 

membrane mimics present alternative and complementary methods to study the direct function 

of transmembrane proteins, such as COPTs. In particular, the functional study of 

transmembrane proteins has benefitted from the use of supported lipid bilayers (SLBs) to 

house the proteins and couple with various sensing schemes. Membrane proteins require 

stabilization of their transmembrane domains via incorporation into membranes and SLBs can 

be customized with native membranes and specific lipid compositions.44,45 Supported lipid 

bilayers have been used successfully to model biological membranes, and when formed from 

native membrane materials, can recapitulate many of the properties of native membrane 

systems, such as lipid fluidity and protein retention, activity, and orientation.52 Prior work has 

shown that integration of SLBs with electrical and biologically compatible surfaces can enable 

protein function and surface interactions to be translated into electronic readouts.54 Recently, 

we showed that SLBs can be formed from native protoplast membrane material while 

retaining properties of the native membrane and the expressed proteins of interest.79 

Herein we demonstrate an alternative tool for the study of transport proteins through the 

integration of a plant derived SLB with a biocompatible electronic chip. This approach 

enables sensory readout of transporter function that, to date, has not been possible in plant 
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systems [Fig. 2.1]. We show that SLBs containing AtCOPT1 proteins can be successfully 

formed on electrically compatible surfaces. Importantly we demonstrate that transport of 

copper can be directly detected through resistance based electronic methodologies bypassing 

the challenge imposed by electroneutral proteins with traditional methodologies. Furthermore, 

we demonstrate how this tool can be used to investigate key protein properties such as ligand 

affinity. This work presents a new tool to understand the function of a wide range of 

membrane-associated processes including metal micronutrient transport in plants. 

 

Figure 2.1: Overview of Plant Membrane-on-Chip experimental process 

(1) A. thaliana SPL7-2 mutant seedlings were grown for 14 days. (2) Seedlings were then 

harvested, and the cell walls were digested away to generate protoplasts, which were 

transfected with plasmids to overexpress the gene of choice. (3) After transfection, the 

protoplasts were chemically treated to induce the formation of small unilameller vesicles 

(termed ‘blebs’). (4) These membrane blebs were used to form supported lipid bilayers 

(SLBs) on PEDOT:PSS electrode devices. The resulting Plant Membrane-on-Chip device 

contains the integrated transporter protein (TM3 & C-terminal not shown) and its 

response to stimuli can be measured electrically. 

Figure created with BioRender 
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2.2 Results and Discussion 

2.2.1 Design Parameters for a Plant Membrane-on-Chip Device 

To design a platform that would recapitulate the behavior and microenvironment of the native 

plant membrane and allow for the direct detection of the response of electroneutral proteins 

non-amenable to traditional electrical characterization techniques we set out to achieve three 

essential qualities in our Plant Membrane-on-chip: 1) the successful incorporation of COPT1 

in its native orientation, 2) the confirmation of protein activity, and 3) direct and quantifiable 

readouts.  

2.2.2 Chemically- Induced Vesiculation of Protoplast Results in Blebs That Retain 

AtCOPT1 

We first selected AtCOPT1 as our target transport protein because it is one of the most 

characterized COPT proteins and also due to its natural plasma membrane localization. 

Additionally, prior attempts to directly measure AtCOPT1’s activity with patch-clamp were 

unsuccessful, suggesting an electroneutral mechanism for transport.17 As our platform does 

not require electrogenic processes for detection, AtCOPT1 should provide a good validation of 

the benefits to the Plant Membrane-on-Chip. To minimize the contribution of other copper 

transporters in our assay, experiments were conducted in an A. thaliana spl7-2 (SQUAMOSA 

PROMOTER BINDING PROTEIN-LIKE7) mutant lacking the function of the SPL7 

transcription factor.80 In Arabidopsis, SPL7 plays a major role in the upregulation of copper 

transporter and mobilization genes, including COPT1, under conditions of Cu-deficiency. The 

spl7-2 mutant has minimal expression and activity of endogenous Cu transporters,27 so we 

selected these plants as a clean “chassis” with which to derive our protoplast from with the 

goal to have COPT1 as the predominant copper transporter in the protoplast membrane after 

transfection of the protoplasts with appropriate genes. 

Mesophyll protoplasts were harvested from 14-day old spl7-2 mutant plants and then 
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transfected on the same day. Protoplast were transiently transfected with a C-terminal eGFP-

tagged COPT1 construct (AtCOPT1:eGFP) under a CaMV 35S constitutive promoter to 

maximize the expression of COPT1 and monitor its synthesis and localization. Similarly, 

protoplasts were transfected with the empty vector eGFP construct or with water in a Mock 

transfection to serve as controls. Protoplasts overexpressing AtCOPT1:eGFP exhibited GFP 

fluorescence localized to the plasma membrane, in comparison to the eGFP empty vector 

control which was present primarily in the cytosol [Fig. 2.2A]. Expression of full-length 

AtCOPT1:eGFP was confirmed by GFP immunoblotting of harvested protoplasts following 

transfection. Bands can be seen at the predicted molecular weight of AtCOPT1:eGFP (45 

kDa) and eGFP alone (27 kDa) on the GFP immunoblot [Fig. 2.2B].  

After confirming the synthesis and plasma membrane localization of the COPT1-eGFP 

construct, we then tested if the AtCOPT1:eGFP fusion construct was functional. This was 

confirmed by yeast complementation assay [Fig. S2.1]. 

Protoplasts were then chemically induced to form blebs which are small unilamellar 

vesicles (SUVs) that bud off from the plasma membrane. Bleb size distribution and 

concentration were measured by nanoparticle tracking analysis (NTA) [Fig. S2.2]. Isolated 

blebs were found to be polydisperse in size with an average diameter of ~250-300 nm and 

were within the expected size range for native blebs previously reported.79 NTA results 

indicated that particle counts were on the order of ~109 particle/ml and there was not a 

significant difference in particle number between blebs isolated from eGFP and COPT1:eGFP 

protoplasts. To determine if the COPT1:eGFP transporters were retained in the blebs, we first 

labeled the vesicle membranes with a membrane intercalating dye, octadecyl rhodamine B 

chloride (R18). We then adsorbed the labeled blebs onto glass slides and imaged them using 

confocal microscopy [Fig. 2.2D]. Colocalized fluorescence of R18 and eGFP indicated that 

the COPT1:eGFP fusion constructs were still present in the vesicles. The presence of 
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fluorescence in control eGFP blebs suggest the to the possibility of cytosolic encapsulation 

during the budding process.  

2.2.3 Supported Lipid Bilayers Containing COPT1 Transporter Can Be Made Using A. 

thaliana Derived Membrane Vesicles 

To generate SLBs that can be used in electronic sensing, it is necessary to form them on 

biocompatible and conductive surfaces. PEDOT:PSS (poly(3,4-ethylenedioxythiophene) 

Figure 2.2: Confirmation of the synthesis and membrane localization of COPT1:eGFP 

in protoplasts and small unilamellar vesicles.   

(A) Fluorescence images of spl7-2 mut A. thaliana protoplast transfected with COPT1-eGFP 

(top) or GFP encoding (bottom) constructs.  From left to right appear the GFP channel 

(FITC), chlorophyll auto-fluorescence (LPFITC) and image overlays. Note that the COPT1-

GFP fluorescence is localized primarily to the plasma membrane in contrast to the protoplast 

transfected with the empty vector (eGFP), which displays more cytosolic fluorescence. (B) 

GFP immunoblots of protoplast samples following transfection. Lanes from left to right are: 

ladder, mock transfection, protoplasts transfected with p-SAT6 COPT1:eGFP (~45kDa), 

protoplasts transfected with empty vector pSAT6-eGFP (~27kDa). (C) Depiction of 

Protoplast Blebbing. Protoplast are exposed to a low concentrations of chemical agents 

dithiothreitol and formaldehyde to induce membrane vesiculation to form blebs that contain 

native membrane components (D) Confocal images of small unilamellar vesicles (SUVs) 

derived from transfected spl7-2 protoplasts labeled with the intercalating membrane dye, 

R18. Transfection conditions are indicated along the top and filters/channels along the right 

side.  R18 labeled SUVs appear in red, eGFP presence is indicated by green fluorescence, 

and colocalization of R18 and eGFP as yellow. 

Figure created with BioRender 
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polystyrene sulfonate) is a conductive biocompatible polymer that is transparent, making it 

amenable to a variety of optical and electrical characterization techniques. To more closely 

mimic the cell membrane, SLBs can be made from cell blebs derived from cell lines 

expressing the protein of interest in the plasma membrane. While there are many methods to 

form SLBs, we utilized a technique known as vesicle fusion where cell blebs are induced to 

rupture on a support using fusogenic liposomes that have a natural propensity to rupture and 

form planar bilayer sheets on surfaces. Briefly, the SLB formation process involves 

optimizing the surface properties of the surface and fusogenic liposomes to tailor them to the 

specific properties of the membrane blebs [Fig. 2.3]. The charge and properties of the 

fusogenic liposomes can be modified by changing the lipid composition.81 In this work, POPC 

(1-Palmitoyl-2-oleoyl-glycero-3-phosphocholine) liposomes were used because of their 

abundance in the native plant membrane and their compatibility with PEDOT:PSS.82,83 

To visualize and confirm the formation of the SLBs with bleb material, we used 

fluorescence recovery after photobleaching (FRAP). Liposomes and blebs labeled with R18 

were used as a starting material for SLB formation and the fluorescence intensity recovery of a 

laser-bleached spot was monitored over time. Images show the increase in bleach spot 

intensity over time as unbleached fluorophores diffuse into the bleach spot. This serves as 

evidence of the formation of a contiguous SLB, at least over the length scale of the bleach spot 

[Fig. S2.3]. By fitting the intensity recovery to a 2D diffusion equation we obtained diffusion 

coefficients for R18 in AtCOPT1:eGFP, empty vector eGFP, and mock transfection SLBs in 

the range of ~0.4-0.6 µm2/s and comparable mobile fractions of ~100%. These characteristics 

are aligned with prior work and confirm bleb rupture and contiguous bilayer formation on the 

surface.  
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2.2.4 AtCOPT1 transporters are incorporated into SLBs and retain their native 

membrane orientation 

To confirm the incorporation of COPT1 in our SLBs we carried out additional characterization 

using total internal reflection fluorescence microscopy (TIRF). TIRF is an optical microscopy 

technique that is highly amenable to the study of interactions near SLB interfaces because an 

evanescent wave created between the glass and buffer interface penetrates only about 100 nm 

deep into the aqueous phase. Since the SLB is positioned near the interface, only fluorophores 

within this zone can be excited, eliminating interference from fluorescence in the bulk. Due to 

its proposed unidirectional transport of copper, it was important that the COPT1 be oriented 

correctly in the SLB for any functional characterization to be interpretable. In the native plant, 

AtCOPT1 is believed to be oriented such that the N-terminal is accessible to the extracellular 

space with a luminal C-terminal. 

Prior work indicates that proteins in SLBs formed by vesicle fusion largely retain their 

native membrane orientation, with the extracellular portion facing up in the SLB.46,52,79 To 

Figure 2.3: Cartoon representation of the vesicle fusion process and the formation of 

a protoplast-derived SLB 

(1) Plasma membrane vesicles are isolated via chemical induction of protoplast blebbing 

(2) POPC fusiogenic vesicles are mixed with blebs and sonicated (3) bleb-liposome mixture 

applied to a plasma treated PEDOT:PSS surface adsorb and electrostatic and Van der Wals 

forces induce their rupture (4) Ruptured vesicles fuse and components redistribute to form 

a contiguous SLB. 

Figure created with BioRender 
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investigate the orientation of AtCOPT1 in our SLB platform, an eGFP-TEV-AtCOPT1 

construct was generated in the same vector with a N-terminus eGFP tag linked to COPT1 by 

and a TEV protease cleavable linker. Expression and the plasma membrane localization of the 

n-terminal construct was confirmed by protoplast fluorescence imaging [Fig. S2.4A]. GFP 

immunoblotting was used to determine if the fusion protein was cleavable, by treating 

protoplasts expressing eGFP-TEV-AtCOPT1 with TEV protease. Results indicated that the 

cleavage site was accessible, and the construct and cleavage product were of the expected size 

[Fig. S2.4B]. Transfected protoplasts were blebbed and the retention of the N-terminal 

construct was confirmed by imaging R18 labeled blebs for colocalization [Fig. 2.2D]. We then 

formed SLBs from blebs containing eGFP-TEV-AtCOPT1 and imaged them before and after 

the addition of TEV protease using TIRF. Fluorescently tagged COPT proteins are visible in 

the SLBs as fluorescent puncta following a typical point spread function. Should the TEV 

cleavage site be accessible the eGFP will be cleaved from the fusion protein and enter the bulk 

where it will no longer be illuminated by the TIRF evanescent wave. Following TEV addition, 

the average number of fluorescent puncta decreased by 83% [Fig. S2.5]. Loss of fluorescence 

after the addition of TEV protease indicates that the n-terminal cleavable linker was accessible 

and thus not under the SLB. This serves as evidence that COPT1 is primarily orientated in the 

same configuration as the native protein. 

2.2.5 Direct Detection of AtCOPT1-Mediated Copper Transport Using Electrical 

Impedance Spectroscopy  

With the confirmation of SLB formation and the retention of the transporter in the native 

orientation, protein function could be assessed. Electrochemical Impedance Spectroscopy 

(EIS) is a powerful tool to study SLBs owing to its non-destructive and sensitive properties. 

EIS utilizes a system of electrodes wherein a current is swept through a range of frequencies, 

and the corresponding impedance response is recorded [Fig. 2.4A]. Impedance is the inverse 
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of the admittance in an alternating current and is a complex quantity composed of both real 

and imaginary components. For simplicity, here we will present it as the resistance to current 

flow in an alternating current. Changes to surface properties result in shifts in impedance at 

specific frequencies. For example, SLB formation on electrodes results in an attenuation of ion 

flux and subsequent increase in impedance. When a pore opens in an SLB such as when a 

transport protein is opened, there is a small decrease in SLB impedance as ions pass through. 

The volumetric capacitive properties of the PEDOT:PSS on  the electrode make it ideal for 

EIS measurements as it significantly reduces the gold electrode’s impedance. This lower 

impedance allows small changes in SLB properties to be observed which would otherwise be 

masked without the PEDOT:PSS present. 

A plain device, consisting of a PEDOT:PSS coated gold electrode and electrolyte 

Figure 2.4: Electrochemical Impedance Spectroscopy 

(A) Schematic of Plant-on-chip device set-up for Electrochemical Impedance Spectroscopy 

(EIS) measurements. Platinum counter electrode (CE) and Ag/AgCl reference electrode (RE) 

are placed in the bulk electrolyte buffer. PEDOT:PSS coated gold electrode serve as the 

working electrode (WE) (B) Representative Bode impedance profile of a SLB device 

measured using EIS first with plain PEDOT device (black/gray), SLB (red), and activation 

of a transporter (yellow). Log of the real impedance is plotted vs the log of the frequency (C) 

Equivalent electrical circuit model of SLB device used to fit impedance response and obtain 

a SLB associated resistance, Rm. 

Figure created with BioRender 
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buffer, has an impedance response that is modeled as a resistor-capacitor in series, ReCp, 

where Re is the electrolyte associated resistance and Cp is the PEDOT:PSS associated 

capacitance. Upon formation of an SLB, the impedance profile of the device changes and can 

be represented as the addition of a resistor-capacitor in parallel to the plain device model [Fig. 

2.4B]. The derivation of the equivalent electrical circuit model is described more in the 

Methods. The final SLB impedance profile can be modeled as an ReCp(RmCm) where the 

membrane resistive (Rm) and capacitive (Cm) behavior associated with the SLB can be 

extracted from the fits to the data [Fig. 2.4C]. This Rm provides a quantifiable and direct 

means of measuring the ion flux through the SLB that is associated with the activity of 

transporter protein. Cm provides us with a secondary check on SLB formation given that an 

approximately 4 nm thick lipid layer would have a theoretical capacitance on the order of 10-9 

F, and we report here Cm in the range of 1-5 nF.  

2.2.6 Detection of AtCOPT1 copper transport activity in a concentration dependent 

manner 

To test the functionality of AtCOPT1:eGFP proteins in SLB devices, we used (EIS) to 

measure the quantifiable decrease in membrane impedance associated with transporter 

activity. We first formed SLBs on PEDOT:PSS devices using blebs with AtCOPT1:eGFP and 

with empty vector eGFP blebs as a control. As expected SLBs formed from using these blebs 

possessed a stepped impedance profile. To compare the response of SLBs with COPT1 to our 

control, the response of Plant Membrane-on-chip devices were recorded as they were exposed 

to a range of physiologically relevant Cu concentrations (0.1-40 µM Cu). Bio-available copper 

is most commonly found in the +2 oxidation state, but COPT1 is believed to be Cu(I) specific 

so a molar excess of Ascorbic Acid (100 µM) was added to the copper solutions to reduce 

Cu(II) to Cu(I) and maintain the +1 oxidation state.14 If there was COPT1 activity, we 

expected a decrease in the initial Rm as the COPT1 transmembrane pore opens and allows ion 
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flux. We report this as the %Δ Rm given as: 

𝑹𝒎(𝒊𝒏𝒊𝒕𝒊𝒂𝒍)−𝑹𝒎([𝒊𝒐𝒏])

𝑹𝒎(𝒊𝒏𝒊𝒕𝒊𝒂𝒍)
 𝒙 𝟏𝟎𝟎  (3) 

where Rm(initial) is the Rm of the SLB upon formation and Rm([ion]) is the Rm of the SLB 

at any concentration of metal ion. Upon addition of increasing concentrations of Cu to 

AtCOPT1:eGFP devices, we saw a concentration-dependent decrease in Rm seen as a 

downward shift in SLB associated impedance of a Bode plot [Fig. 2.5A]. AtCOPT1:eGFP and 

eGFP Plant Membrane-on-chip devices displayed decreases in Rm (31.03±1.43% and 

20.56±1.71% respectively at 40 µM) when exposed to Cu(I) that saturates at higher 

concentrations. However, SLBs containing AtCOPT1:eGFP displayed a significantly higher 

degree of response (up to ~12% higher in Δ Rm), indicative of transport presence in the 

membrane [Fig 2.5B]. We hypothesize that the background response measured in eGFP 

devices could be attributed to a combination of two main factors: 1) presence of other 

Figure 2.5: EIS measurement of Plant Membrane-on-Chip response to Cu(I)  

(A) Representative Bode impedance profile of a single experiment with a COPT1:eGFP 

SLB device measured using EIS first with plain PEDOT device (black), SLB with 100 

µM Ascorbic Acid (AA) (purple), and Cu treatment from 0.1 µM (blue) to 40 µM (red). 

The drop in impedance is visible as the concentration of Cu increases corresponding to 

a shift in color from purple to red and indicating copper transport. (B) (A) Response SLB 

Rm of COPT1:eGFP and eGFP SLB devices with an increase in Cu concentration in the 

presence of Ascorbic Acid. A positive change in Rm indicates a drop in membrane 

resistance associated with ion transport for concentrations from 0.1 µM to 40 µM (Error 

Bars indicate standard errors of n=3 biological replicates.) 



 

31 

membrane transporters still expressed despite the spl7-2 mutant background, and 2) 

interactions of copper with biological membranes as copper is well established to interact with 

a number of phospholipids in membranes and has been shown to induce lipid-peroxidation 

leading to membrane damage.84–86 However, these factors would be present in the control case 

as well, so any signal above the background can be attributed to the presence of the 

transporter. 

While generally used to model enzyme kinetics, Michaelis-Menten can be used to 

model transport proteins provided that they display concentration dependent and saturable 

response with single-file transport.56 To further characterize the Cu(I) response we modeled 

the percent change in Rm with a typical Michaelis-Menten fit to obtain an apparent affinity. 

This affinity is the combined contribution of the expressed AtCOPT1:eGFP protein, any 

additional transporters, as well as the effects of the Cu-membrane interactions. The resultant 

Cu affinity for AtCOPT1:eGFP SLBs (Km= 0.357 µM) was within the typical range of a high 

affinity transporter (Km < 5 µM) and more than double that of eGFP (Km=0.787 µM) [Fig. 

S2.6I]. Reported values of Km for CTR and other copper transporters vary but generally range 

from 1-4 µM.87 When compared to prior studies on ScCTR our calculated Km was lower but 

within an order of magnitude. This difference could be attributed to the direct nature of our 

assays compared to the indirect measure of Cu transport used in vivo uptake assays, but also 

the variations in Cu interacting n-terminal domains amongst the CTR/COPT family and levels 

of expression in distinct cell types.14 Nonetheless, our results align well to these reported 

comparative cases and support that the activity we see is from the presence of these 

transporters. 

After establishing a way of measuring COPT1-mediated copper transport activity, we 

tested COPT1’s specificity by introducing other metal ions to our devices. To begin, we 

measured the response of AtCOPT1:eGFP Plant Membrane-on-chip devices to zinc, a divalent 
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cation reported to not be transported by CTR/COPT.21 AtCOPT1:eGFP devices were exposed 

Zn concentrations (0.1-40 µM) while in the presence of excess Ascorbic Acid to maintain the 

same conditions as our Cu experiment. EIS results indicated that there was not a significant 

difference in response between devices containing AtCOPT1:eGFP and the eGFP control 

therefore any changes to Rm was unlikely to be associated with COPT1 transport on zinc. 

Interestingly, at low concentrations the addition of Zn caused a slight reduction in Rm by 

~12% in plant derived SLBs [Fig. 2.6A]. This decrease in Rm could be explained by the 

presence of Zn transporters present in both eGFP and AtCOPT1:eGFP.50 Further additions of 

Zn resulted in an increase in Rm above that of the initial SLB by up to ~12% [Fig. 2.6B]. The 

increase in resistance of an SLB is generally attributed to binding of additional material to the 

SLB surface or an increase in membrane order and packing leading to greater ohmic sealing. It 

has been proposed that Zn interacts with membranes by binding to neighboring phospholipids 

resulting in stabilization and further ordering of the lipid membrane.88 Control experiments 

with pure POPC SLBs showed that the addition of Zn resulted in an increase in Rm by 

Figure 2.6: Changes in Membrane Resistance in Plant Membrane on Chip Devices 

with ion addition 

(A) Response of COPT1:eGFP and eGFP SLB devices with an increase in Zn 

concentration in the presence of Ascorbic Acid. A negative change in Rm indicates an 

increase in membrane resistance associated with ion interaction with membrane materials 

(B) Response of COPT1:eGFP and eGFP SLB devices at a concentration of 40 µM Cu or 

Zn. (Error Bars standard error of n=3 biological replicates. *** = P≤0.001) 
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64±10% [Fig. S2.8]. The observed response is therefore likely a combination of endogenous 

Zn transporters with the effect of Zn-lipid interactions at higher concentrations. 

 

2.2.7 Plant Membrane-on-chip Devices Recapitulate Cu Transporter-Metalloreductase 

Interactions 

As an additional test of specificity we wanted to see if AtCOPT1:eGFP devices could 

distinguish between the oxidation state of copper. Based on metal competition uptake assays 

performed in yeast, members of the CTR/COPT family are believed to be specific for 

Cu(I).8,14 To test this, we once again formed SLBs using AtCOPT1:eGFP blebs and eGFP 

blebs and added copper however without the addition of Ascorbic Acid. Deprived of Ascorbic 

Acid to reduce Cu(II) to Cu(I), copper should primarily be in its +2 oxidation state. Since 

Cu(II) should not be transported we expected that AtCOPT1:eGFP and eGFP devices would 

display similar response, but we observed a higher response in AtCOPT1:eGFP devices 

compared to the eGFP control (~7% difference in ΔRm) though not very statistically 

significant. When treated with Cu (0.1-40 µM), AtCOPT1:eGFP and eGFP devices showed a 

similar decrease in Rm to devices tested with Ascorbic Acid (34.06±1.83% and 26.98±2.34% 

respectively at 40 µM) [Fig. S2.7]. This suggests that COPT1 is active and some of the Cu 

present in the system might exist as Cu(I) rather than Cu(II). 

A literature review reveals that present in the plasma membrane of protoplast are a 

family of iron reductases known as FRO (ferric reduction oxidase) that are also capable of 

reducing Cu(II) to Cu(I).27 Therefore it is likely that our Plant Membrane-on-chip  device is 

recapitulating the proposed two-step process of Cu uptake involving the reduction of Cu(II) to 

Cu(I) by membrane surface metaloreductases and subsequent CTR/COPT mediated transport. 

Indeed when we model the device response with Michaelis-Menten kinetics the Cu affinity of 

the AtCOPT1:eGFP (Km = 0.65 µM) device is nearly half that of the devices treated with 
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Ascorbic Acid and yet the ensemble Km of the eGFP device (Km = 0.805 µM) remained 

largely the same [Fig S2.6II]. 

2.4 Conclusion 

The direct measurement of transporter proteins has largely remained a challenge in plants. 

Due to their membrane localization, transport proteins are difficult to access, and their slower 

rates of transport make them unamenable to patch clamp. In vivo metal uptake assays have 

proven to be a useful tool in the study of transport proteins, but they don’t provide direct 

detection of transport activity and, due to ectopic expression, may not be compatible with all 

proteins. Here we demonstrate the use of a plant native membrane SLB integrated with an 

electrode to directly translate transporter activity to electrical readouts. Using a combination of 

conventional techniques, we have developed a biomimetic Plant Membrane-on-chip platform 

for functional detection of the Arabidopsis thaliana Cu(I) transport protein AtCOPT1. 

We show that: 1) AtCOPT1:eGFP can be incorporated into a supported lipid bilayer 

by using vesicles harvested from transfected protoplast 2) These supported lipid bilayers 

formed via vesicle fusion can maintain the native membrane physical properties of fluidity and 

protein orientation 3) Electrical impedance measurements can directly capture 

AtCOPT1:eGFP activity through electronic sensing modalities 4) Electrical measurements of 

AtCOPT1:eGFP activity can be incorporated in enzyme models to derive transporter kinetic 

parameters 5) Our Plant Membrane-on-chip devices can recapitulate known Cu vs Zn 

selectivity properties of AtCOPT1. Additionally, based on evidence from our experiments, it 

may be possible that this platform could also be used to study Cu(I) transporter-

metaloreductase interactions with appropriate cell line knock outs or inhibiting compounds. 

Our findings indicate that a Plant Membrane-on-chip device provides a powerful tool to 

directly investigate the function and properties of transporter proteins in a stable in vitro 

platform without the necessity of ectopic expression. 
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2.5 Materials and Methods 

2.5.1 Materials 

1-Palmitoyl-2-oleoyl-glycero-3-phosphocholine (16:0–18:1 PC, POPC) used for the 

preparation of fusogenic liposomes was obtained from Avanti Polar Lipids (700 Industrial 

Park Dr, Alabaster, AL 35007). Whatman Nucleopore polycarbonate filters (50 nm) (Cytiva- 

Marlborough, MA) were used for liposome extrusion. The octadecyl rhodamine B chloride 

(R18) used in optical experiments was obtained from Thermo Fisher Scientific (Waltham, 

MA). Microscope coverslips (VWR 25 mm × 25 mm glass) were prepared for use by Piranha 

wash using sulfuric acid (95- 98%, VWR) and hydrogen peroxide (50 wt.% solution, Krackler 

Scientific). 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), dithiothreitol 

(DTT), formaldehyde solution, and Calcium Chloride dihydrate were all purchased from 

Millipore Sigma. PEDOT:PSS (PH 1000) was purchased from Ossila (Sheffield, UK). (3-

glycidyloxypropyl) trimethoxysilane (GOPS) Bathocuproinedisulfonic acid disodium salt 

hydrate (BCDS) and MES Sodium salt were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). Tris hydrochloride (Tris-HCl) was purchased from Roche Diagnostics (Mannheim, 

Germany). Potassium Chloride (KCl) was purchased from MP Biomedicals (Solon, OH). 

MES was purchased from Calbiochem. L(+)-Ascorbic Acid (AA)  and Zinc Sulfate 

heptahydrate was purchased from EMD Chemicals. Sodium Citrate dihydrate was purchased 

from Fisher Scientific. Tween-20 was purchased from Sigma. Sylgard 184 

elastomer/crosslinker mixture was obtained from Robert McKeown company (Branchburg, 

NJ) 

For Western Blots Monoclonal Mouse anti-GFP IgG2a JL-8 was obtained from Takara Bio 

and Goat anti-Mouse IgG H+L IgG was purchased from Abcam. 

For plant culture, enzyme digestion and transfection Murashige and Skoog (MS) medium and 

Polyethylene Glycol 4000 (PEG-4000) was purchased from Sigma-Aldrich. D-Sorbitol, D-
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Mannitol, Sucrose, Pure bright bleach, and Magnesium Chloride anhydrous were purchased 

from VWR. Cellulase Onozaka R-10 and Macerozyme R-10 were both purchased from 

Research Products International (RPI).  

ImageJ 1.53 A and Fiji (NIH), AxioVision rel. 4.8, Zen 3.4 were used to acquire and analyze 

optical data. NOVA 2.1.7 was used to collect electrical data. Origin 2024 was used to plot data 

found in the main and supporting figures. All plasmid sequences were confirmed by full 

length Nanopore plasmid sequencing through Plasmidasaurus or Eurofin Genomics. 

 

2.5.2 Buffers and other Solutions 

GPMVM Buffer: (500 mM Mannitol, 150 mM NaCl, 2 mM CaCl2, 10 mM HEPES pH 5.6) 

Blebbing Buffer: (2 mM DTT (2 µL/mL), 25mM Formaldehyde (2.25 µL/mL) GPMVM 

pH5.6)  

W5 medium: (0.1% glucose, 0.08% KCl, 0.9% NaCl, 1.84% CaCl2 2H2O, 2mM MES-KOH 

pH 5.7) 

TVL: (0.3 M Sorbitol, 50 mM CaCl2, sterilize with 0.45 µm filter) 

Enzyme Solution: (0.5 M Sucrose, 20 mM CaCl2, 40 mM KCl, 20 mM MES-KOH pH 5.7, 

1w/v% Cellulase, 1w/v% Macerozyme sterilized with 0.45 µm filter) 

Bleach Sterilization Solution: (30% bleach, 70% sterile Di H2O and 0.1% Tween-20) 

MMG: (0.4 M mannitol, 15 mM MgCl2, 4 mM MES-KOH pH 5.7) 

PEG-Calcium Transfection Solution: (40% PEG-4000, 0.2 M mannitol, 100 mM CaCl2) 

Tris-HCl KCl Buffer: (150 mM KCl, 10 mM Tris-HCl pH7.4) 

2.5.3 Plasmid Generation 

To amplify plasmids, transformed NEB 5-alpha cells (NEB) cells containing the desired 

plasmids were grown overnight in LB Media (25g/L LB Millipore Sigma) with 1mg/ml 

Ampicillin (Fisher BioReagents) as a selector and isolated using a ZymoPURE II Maxiprep 
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Plasmid prep kit (Zymo Research). For transit expression of COPT1 in the protoplasts, full-

length COPT1 cDNA without stop codon was fused with the modified green fluorescent 

protein (EGFP) using the pSAT6-N1-EGFP-Gate vector.9 The resulting pSAT6-COPT6-EGFP 

construct expresses COPT6:EGFP fusion protein under the control of the cauliflower mosaic 

virus 35S promoter. For yeast functional complementation, the COPT1 cDNA with stop codon 

was subcloned into the pYES3-Gate vector.9,89 The primer sequences used for cloning are 

listed in Supplemental Table 1. The n-terminal GFP tagged orientation construct eGFP-TEV-

GGSG-AtCOPT1 was generated by Gibson cloning into the pSAT6 vector. A short GGSG 

linker sequence was incorporated to improve the accessibility of TEV protease to the cleavage 

site. 

2.5.4 Functional Complementation of the Saccharomyces cerevisiae  

 
Budding yeast (Saccharomyces cerevisiae) wild-type strain SEY6210 (MATa ura3-52 leu2-3, 

−112 his3Δ200 trp1Δ901 lys2-801 suc2Δ9) and the copper uptake-deficient mutant strain 

ctr1Δctr2Δctr3Δ (MATa ura3-52 his3Δ200 trp1-901 ctr1::ura3::Knr ctr2::HIS3 ctr3::TRP1) 

were used for functional complementation assays. The YES3-Gate-COPT1 construct, YES3-

Gate-COPT29 or YES3-Gate lacking the cDNA insert was transformed into the appropriate 

yeast strains and selected for uracil prototrophy on YNB–URA medium containing 6.7% 

(w/v) yeast nitrogen base without amino acids (Difco), 0.77% (w/v) CSM–URA (MP 

Biomedicals), 0.5% (w/v) NaCl, 2% glucose, 2% (w/v) agar and the respiration competence of 

different colonies was tested by their ability to grow on non-fermentable carbon sources.9,90 

Single colonies were grown in liquid YNB–URA to an OD600 nm = 1.0 before diluted 10-

fold serially and spotted onto YNB–URA  medium or YPEG medium containing 1% (w/v) 

yeast extract, 2% (w/v) bacto-peptone, 3% (v/v) glycerol, 2% (v/v) ethanol, and 2% (w/v) agar 

and the indicated concentrations of CuSO4. Plates were incubated for 3 days at 30°C. 
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2.5.5 Isolation of Protoplast 

Protoplast were isolated from 14-day old A. Thaliana spl7-2 mutant (SQUAMOSA 

PROMOTER BINDING PROTEIN-LIKE7) seedlings grown on half-strength MS medium 

with 1% (w/v) sucrose and 0.7% (w/v) agar.91 To sterilize, 100 mg of seeds were incubated in 

1 mL of 70% Ethanol solution for 1 min in a laminar flow hood before spinning down and 

aspirating the supernatant. Seeds were immersed in 1 mL bleach sterilization solution under 

vortex for 10 minutes before being spun down and the bleach solution removed. To wash the 

seeds 1 mL of sterile Di H2O was added to the seeds and well mixed. The seeds were then 

spun down and the water aspirated. This step was repeated 5 times before adding 1 mL of 

sterile water and incubating the seeds at 4 °C for two days in the dark before agar germination. 

To isolate protoplast ~5 grams of fresh shoots were collected, submerged in 15 mL TVL 

solution and chopped with a fine razor. To digest the cell wall, 20 mL of Enzyme solution was 

added and allowed to incubate in the dark for 15-16 hrs at room temperature under light 

shaking. Free protoplasts were sieved through 2 layers of Miracloth and collected. 10 mL of 

W5 medium was slowly added to the top of the protoplast solution to create an interface and 

then centrifuged in a swing bucket rotor for 7 minutes at 100 RCF with slow 

acceleration/deceleration. Protoplasts were collected from the interface of the enzyme 

solution-W5 medium and 15 mL of W5 was used to wash the protoplast. Rinsed protoplasts 

were then centrifuged for 5 minutes at 60 RCF, the supernatant removed, and the protoplast 

resuspended with 15 mL W5 medium. Protoplast were once again centrifuged, and the 

supernatant removed before finally gently resuspending with 1 mL W5 medium and counted 

under a microscope to determine the yield. 

2.5.6 Protoplast Transient Transfection 

Arabidopsis thaliana protoplasts isolated from leaf mesophyll tissue were transfected using 

previously established procedures.91–93 Protoplasts were prepared to a concentration of 106 
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cells/mL in W5 medium and allowed to rest on ice for 30 minutes to an hour before removing 

as much W5 medium as possible without disturbing the protoplast pellet. At room temperature 

the protoplasts were then resuspended with MMG solution to a concentration of 106 cells/mL. 

pSAT6-N1-EGFP-Gate construct9 plasmid DNA (100 µL of 1 µg/µL) were added to the 

protoplast and gently mixed. To the protoplast solution 1.1 mL of PEG-Calcium transfection 

solution and mixed completely by gentle agitation for 1 minute. Following the mixing, the 

mixture was allowed to incubate at room temperature for 6-7 mins before diluting with 10 mL 

W5 medium and mixing well by inverting the tube gently twice. The transfection mixture was 

then centrifuged at 100 RCF for 2 minutes at room temperature to collect the protoplast and 

the supernatant discarded. The protoplast pellet was then gently resuspended with 10 mL of 

W5 medium and cultured at room temperature overnight in the dark.  After the overnight 

incubation the transfected protoplasts were collected by centrifuging at 100 RCF for 2 

minutes, resuspended in 1 mL of W5 medium. For experiments, the transfection was scaled up 

or down as needed. EGFP-mediated fluorescence and chlorophyll autofluorescence were 

visualized using FITC (for EGFP) or rhodamine (chlorophyll) filter sets of the Axio Imager 

M2 microscope equipped with the motorized Z-drive (Zeiss) to assess transfection efficiency 

and localization. Images were processed using Image J. Small scale (< 2.5x105 cells) yielded 

higher transfection rates. For all electrical experiments batches with a minimum transfection 

efficiency of 70% were used [Table S2.2]. 

2.5.7 Bleb Isolation 

To isolate membrane blebs, protoplasts were centrifuged at 100 RCF for 5 minutes to obtain a 

pellet without rupturing cells. The W5 buffer was then removed and replaced with blebbing 

buffer at a ratio of 4 mL per 106 cells and allowed to incubate for 2 hours at room temperature 

to induce the production of membrane blebs. Following incubation, protoplasts in the blebbing 

buffer were centrifuged at 200 RCF for 5 minutes to collect the protoplast without rupturing 
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them. The supernatant was centrifuged at 2000 RCF for 5 minutes to clear the supernatant of 

remaining debris and the remaining suspended blebs collected. 

2.5.8 Protoplast Western Blot 

The expression in protoplast was assessed via immunoblotting. Protoplast were pelleted and 

lysed by physical agitation before addition of a western blot mix (Bolt Blue LDS and Bolt 

Reducing Agent Buffer at final concentration 1x and 5%w/v SDS). To confirm the cleavage of 

eGFP:TEV:COPT1, protoplast were treated with TEV protease (New England Biolabs) at 

30 °C for 2 h followed by an overnight incubation with additional TEV protease. TEV treated 

and protoplast samples were then added to the western blot mix and heated at 90 °C for 10 

mins before running in Bis-Tris gel (NuPage) with a Precision Plus Protein ladder (Bio-Rad) 

followed by a transfer to a PVDF membrane (Immobilon-P, Millipore). Blots were then 

stained with Ponceau S and imaged Chemidoc (Bio-Rad) to assess transfer and serve as a 

loading control. The blot was then blocked with milk (5% milk powder in TBST buffer) 

before immunoblotting with 1:4000 Mouse anti-GFP JL-8 (Takara) overnight at 4 °C and 

1:4000 Goat anti-mouse (Abcam) for 1 hr at room temperature. Blots were imaged for GFP 

with a Chemidoc (Bio-Rad) after staining with an ECL kit (Clarity) and analyzed using Image 

Lab software (Bio-Rad). 

2.5.9 Glass Slide Preparation 

To clean, microscope coverslip slides were immersed in a Piranha solution for 15 minutes and 

then washed with deionized water for 30 mins. Cleaned slides were then stored for later use 

under deionized water (18.2 MΩ cm), rinsed with deionized water and dried with nitrogen gas 

before use. 

2.5.10 PEDOT:PSS Slide Preparation 

To make the PEDOT:PSS solution PEDOT:PSS was filtered through a 0.45 µm syringe filter 

and then combined with, 1% (3-glycidyloxypropyl) trimethyoxysilane in a scintillation vial. 
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The solution was then sonicated for 30 mins in a chilled bath sonicator (ultrasonic cleaner, 

VWR) and passed once through a 0.45 µm syringe filter. Clean glass slides were prepared for 

spin coating via oxygen plasma cleaning at 7.2 W and 105 Micron for 30 s (Harrick Plasma, 

Ithaca, NY). Three drops of PEDOT:PSS solution were then applied to each slide and spin 

coated (Apogee Spin coater, Cost Effective Equipment) at 4000 rpm for 30 s. The coated 

slides were then baked at 140 °C for 1 hr and immersed in deionized water overnight. Before 

use slides were rinsed with deionized water and dried with nitrogen gas. 

2.5.11 Fusogenic Liposome Preparation 

Fusogenic liposomes were formed using thin-film hydration and extrusion from a suspension 

of POPC lipids in chloroform. The chloroform was evaporated using nitrogen gas to form a 

lipid thin film and were placed under vacuum for a minimum of 4 hr to remove trace solvent. 

The lipids were then rehydrated with Tris-HCl KCl buffer to a concentration of 2 mg/mL. The 

rehydrated suspension was then vortex and water bath sonicated for 15 mins before extruding 

at least 10 times through a 50 nm Nucleopore polycarbonate filters using an Avanti Extruder 

(Avanti Polar Lipids, Birmingham, AL). 

2.5.12 Liposome and Bleb characterization 

The average hydrodynamic size of liposomes and protoplast blebs in GPMVM buffer were 

measured on a Zetasizer Nano-ZS instrument (Malvern Instruments) using a 4 mW He-Ne 

laser (λ = 632 nm) and a backscattered detector angle of 173°. The size of the liposomes were 

monodisperse with an approximate diameter of 100 nm. The size and concentration of 

protoplast blebs diluted 0.1x in GPMVM buffer were measured using nanoparticle tracking 

analysis (NTA) on a Malvern NS300 Nanosight (Malvern Instruments) with a 532 nm laser. 

Each sample was measured 5 times at room temperature. 

2.5.13 Plant Bleb Confocal Microscopy 

To visualize the retention of overexpressed proteins following blebbing, blebs were labeled 
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with 1 µL of R18 (0.36 mM) per 50 µL of protoplast blebs and absorbed onto a clean glass 

slide. Following a 1 h incubation, excess material was then rinsed off with Tris-HCl KCl 

buffer before subsequent characterization. Adsorbed blebs were then imaged with a 488 nm 

and 561 nm laser using a Zeiss Elyra Super Res and Zeiss LSM 710 AxioObserver. 

2.5.14 Supported Lipid Bilayer Formation 

To form Supported lipid bilayers, sample wells were affixed to PEDOT:PSS 

coverslips/electrode devices in the form of polydimethylsiloxane (PDMS) punched with a well 

area of ~1 cm2. PDMS was prepared in a petri-dish using a 10:1 Sylgard 184 

elastomer/crosslinker mixture cured overnight at 70℃. PEDOT:PSS coated surfaces were 

soaked in Tris-HCl KCl buffer for at least 2 hrs prior to use. To prepare for SLB formation, 

PEDOT:PSS coated coverslips/electrodes surfaces were oxygen plasma treated at 7.2 W and 

105 Micron for 30 s. These plasma conditions must be tuned for each plasma cleaner and 

surface to obtain the proper surface conditions for SLB self-assembly. Protoplast blebs and 

POPC liposomes were mixed and sonicated for 20 mins before adding to the well. Contents in 

the well were allowed to incubate at least 1 h before rinsing well with Tris HCl KCl buffer to 

remove excess material before further characterization. 

2.5.15 Fluorescence Recovery After Photobleaching (FRAP) 

A 85:15 by volume mixture of sonicated POPC:Bleb was labeled with 3 µL of R18 (0.36 mM) 

lipophilic dye per 100 µL of vesicle/liposome solution and sonicated for 10 m (kept under 

25 °C with ice pad). The formation process of the SLB was then followed as previously 

described on a PEDOT:PSS coated glass slide. An inverted Zeiss Axio Observer Z1 

microscope with an α Plan-Apochromat 20× objective and a 150 mW 561 nm optically 

pumped semiconductor laser (Coherent, Inc) was used in the FRAP setup. The 561nm laser 

was used to bleach an approximately 20 μm diameter spot in the labeled supported bilayer and 

the recovery of the bleached spot’s intensity was measured over time. The fluorescence 
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intensity recovery data was then fit to the 2D diffusion equation as described in Soumpasis et 

al.94 following corrections for background and photobleaching effects. The diffusion 

coefficient (D) was calculated using the equation: 

𝑫 =  
𝒘𝟐

𝟒𝒕𝟏/𝟐
  (4) 

where w is the radius of the bleach spot and t1/2 is the time required to reach half the maximum 

recovery intensity. 

2.5.16 Protease Cleavage Orientation Assay 

To determine the orientation of COPT1 in bilayers formed via vesicle fusion, SLBs were 

formed using blebs derived from protoplast expressing n-terminal tagged eGFP construct 

eGFP:TEV:COPT1 on plasma treated glass slides. Plain glass slides were used for TIRF 

microscopy as opposed to PEDOT:PSS slides due to the thickness of the PEDOT:PSS layer 

and to minimize PEDOT:PSS associated background. To maximize the amount of fusion 

protein in the final SLB, protoplast blebs were allowed to incubate for 10 mins before the 

addition of an equal-volume of POPC and then subsequently well rinsed after 1 h with Tris-

HCl KCl buffer. SLBs were treated with TEV protease (5 µL for 2 hrs at 30 C, overnight at 4 

°C, in dark to prevent photobleaching) to cleave off eGFP from the fusion protein, followed 

by a final TEV protease treatment (5 µL for 1 h at 30 °C) and rinsed with Tris-HCl KCl buffer 

before subsequent imaging. Total internal reflection fluorescence (TIRF) microscopy on a 

Zeiss Axio Observer Z1 microscope with an α Plan-Apochromat numerical aperture (NA) 

1.46 100× objective, Semrock LF488-B-ZHE filter cube,  Laser TIRF 3 slider (Carl Zeiss, Inc)  

and 488 nm sold-state laser angle of incidence adjusted to ∼68° to insure an evanescent wave 

of 100 nm with total internal reflection was used to view eGFP particles before and after TEV 

protease addition. Fluorescent puncta images were taken using an electron-multiplying CCD 

camera (ImageEM C9100-13, Hamamatsu) and ImageJ software was used to count the puncta.  
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2.5.17 Electrochemical Impedance Spectroscopy 

For electrical impedance spectroscopy measurements supported lipid bilayers were formed 

inside PDMS wells on top of PEDOT:PSS electrode devices as previously described. 

PEDOT:PSS electrode devices were fabricated as previously reported.54 Devices were then 

connected to a Potentiostat (Autolab PGSTAT128N) with a working electrode and a Pt mesh 

as the counter and reference electrode in the buffer above the SLB. The impedance response 

was recorded to an A.C. current from 1 to 106 Hz with applied A.C. voltage of 0.01 V and a 

DC voltage of 0 mV versus OCP (open circuit potential). A 85:15 POPC:bleb mixture by 

volume was used to form SLBs on the PEDOT:PSS device. This bleb to liposome 

composition was chosen to maximize the amount of native membrane components in the 

resultant SLB while maintaining a sufficiently resistive bilayer. For experiments with 

Ascorbic Acid the SLB was allowed to incubate for 5 mins in a Tris HCl KCl Ascorbic Acid 

(100 µM) solution prior to measurements. Copper and zinc were then added by rinsing with 

CuSO4 or ZnSO4 solutions. To control the oxidation state solutions were either prepared with 

or without excess Ascorbic Acid (100 µM) as a reducing agent to maintain the +1-oxidation 

state. After each addition the system was allowed to equilibrate for 11 min before the 

subsequent measurement. The impedance profile was then fit to a RC(RC) equivalent 

electrical circuit model using NOVA software.65,67,95 The derivation of the electrical model is 

formulated from the assumption of dielectric ‘slab’ with an ionic current arising from ion flux 

and a capacitive current due to the variation over time of ions buildup at the slab boundary.65 

The total resultant current is the sum of these two values and is thus simulated by a resistor 

(for ionic current) and a capacitor (for capacitive current). This behavior is observed on a 

Bode plot as resistive and capacitive components respond differently to alternating current – 

the impedance of a resistive element is constant, and the impedance of a capacitive component 

is 1/iwC where, w is the angular frequency and, °C the capacitance. In this model the series 
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resistance is representative of the resistance of the buffer wires and other electrical elements. 

The series capacitor arises from the volumetric capacitor properties of PEDOT:PSS. The in 

parallel resistor and capacitor is representative of the bilayer that displays both capacitive and 

resistive properties [Fig. 2.4]. This model was then used to extract the resistance of the bilayer 

and normalized against electrode area. Following measurements 70% ethanol was used to 

remove the bilayer and the baseline of the PEDOT:PSS electrode was measured and fit to a 

RC circuit. 
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APPENDIX A: SUPPLEMENTAL INFORMATION FOR CHAPTER 2 

SI Figure S2.1: COPT1 rescues growth defect of the ctr1Δctr2Δctr3Δ S. 

cerevisiae triple mutant on ethanol/glycerol medium (YPEG). The wild-type 

SEY6210 strain transformed with the empty vector (Wt), and the ctr1Δctr2Δctr3Δ 

mutant transformed with the empty vector (ctr1,2,3) or the vector containing 

COPT1 (COPT1) or COPT2 (COPT2) cDNA inserts were grown overnight in 

liquid YNB-URA medium to an A600 nm 1.1. Cells were then serially diluted at 10-

fold (indicated on the left) and spotted either onto solid YNB-URA medium (YNB-

URA) or YPEG (YPEG) with the indicated concentrations of CuSO4. 
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SI Figure S2.2: SPL7-2 mut Bleb Particle Characterization by Nanoparticle 

Tracking Analysis 

(A) Bleb Mean particle concentration as measured by Nanoparticle tracking analysis 

(NTA) of blebs derived from COPT1:eGFP & eGFP transfected protoplast. (n=3 

biological replicates) (B) Bleb Mean particle diameter as measured NTA for 

COPT1:eGFP (n=3), eGFP (n=3), and eGFP-TEV-COPT1 blebs (n=1). All 

measurements were conducted in GPMVM pH5.6 buffer and with 5 technical 

replicates. Error bars indicate Standard Deviation 
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SI Figure S2.3: SPL7-2 mut SLB Fluorescence Recovery After Photobleach 

(A) Fluorescence Recovery after Photobleach representative images of R18 labeled 

85:15 POPC:Bleb SLBs at approximately 15 seconds and 5 minutes after 

photobleaching with a 561nm laser. From left to right: SLBs formed using Mock, eGFP, 

COPT1:eGFP and eGFP-tev-COPT1 blebs. SLB formation is indicated by the full 

recovery of bleach spot fluorescence (B) Mobile Fraction (MF) of R18 in Mock, eGFP, 

COPT1:eGFP, eGFP-tev-COPT1 SLBs (C) R18 diffusivities of 85:15 POPC:Bleb 

Mock, eGFP, COPT1:eGFP, and eGFP-tev-COPT1 SLBs. n=1 with 3 technical 

replicates 
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SI Figure S2.4: eGFP-TEV-COPT1 Protein Expression in spl7-2 mut Protoplast  

(A) Subcellular localization of COPT1 in Arabidopsis thaliana protoplasts. A. 

thaliana leaf protoplasts were transfected with water, the vector expressing COPT1 

fused with EGFP at N terminus (eGFP-TEV-COPT1). GFP-mediated fluorescence 

and chlorophyll autofluorescence were visualized using FITC or rhodamine filter sets. 

Superimposed images of chlorophyll autofluorescence and GFP-mediated 

fluorescence (Overlay) were created to demonstrate that green fluorescence was 

derived from GFP. Bar = 20 µm.(B) Western Blot of Protoplast material treated with 

TEV protease. From left to right: Protein Ladder, untreated protoplast expressing N-

terminal tagged construct eGFP-TEV-COPT1 (~45kDa), eGFP-TEV-COPT1 

protoplast treated with TEV protease with cleavage products (~27kDa) and uncleaved 

protein (~45kDa). 
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SI Figure S2.5: SPL7-2 mut Total Internal Reflection Fluorescence TEV Protease 

Orientation Assay 

(A) Depiction of Total Internal Reflection Fluorescence (TIRF) phenomenon allowing 

excitation of only particles close to the SLB and out of the bulk solution. (B) TEV Protease 

Assay allows for determination of protein orientation on TIRF based upon the accessibility 

of a cleavage marker. Intercellularly oriented markers are inaccessible while extracellular 

markers are cleaved and enter the bulk solution resulting in fluorescence loss. (C) 

Representative TIRF microscopy images of SLBs on glass treated and untreated with TEV 

protease N-terminal tagged eGFP-TEV-COPT1 proteins are visible are puncta and 

following TEV there is a loss in total fluorescence (scale bar 10 µm) (D) Quantification of 

fluorescence puncta in N-terminal tagged eGFP-TEV-COPT1 SLBs following cleavage with 

TEV protease vs untreated indicates that the N-terminal cleavage site is largely accessible. 

Figure created with BioRender 
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SI Figure S2.6I: Fittings of EIS Cu response data to Michaelis-Menten kinetics 

EIS Cu response in presence of 100 µM of Ascorbic Acid (A) AtCOPT1:eGFP device (B) eGFP 

device  
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SI Figure S2.6II: Fittings of EIS Cu response data to Michaelis-Menten kinetics 

EIS Cu response without Ascorbic Acid (A) AtCOPT1:eGFP device (B) eGFP device 
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SI Figure S2.7: SPL7-2 mut EIS Plant Membrane-on-Chip response to Cu 

without Ascorbic Acid 

Change in SLB Rm of COPT1:eGFP and eGFP SLB devices with an increase in Cu 

concentration without Ascorbic Acid. A positive change in Rm indicates a drop in 

membrane resistance associated with transport for concentrations from 0.1 µM to 

40 µM) Error bars indicate standard error of (n=3) biological replicates 
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SI Figure S2.8: EIS POPC SLB Response to Ion Addition 

(A) Response SLB Rm of POPC SLB devices with an increase in Cu concentration (0.1-40 

µM ) in the presence of Ascorbic Acid (100 µM ) (B) Change in SLB Rm of POPC SLB 

devices with an increase in Cu concentration (0.1-40 µM ) without Ascorbic Acid. (inset 

first 5 data points) (C) Response of POPC SLB devices with an increase in Zn 

concentration (0.1-40 µM) in the presence of Ascorbic Acid. (n=+3 technical replicates) 
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SUPPLEMENTAL TABLES 

 

 

 

 

 

 

 

 

 

  

Oligo name Primer sequence (5' to 3') 

AtCOPT1_attB_F 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCA

CCGCCAAGAACAAAGAAACCATGGATCA 

AtCOPT1_attB_R 
GGGGACCACTTTGTACAAGAAAGCTGGGTCTC

ATCAACAAGCACAACCTGAGGG 

AtCOPT1_attB_nS_R 
GGGGACCACTTTGTACAAGAAAGCTGGGTCAC

AAGCACAACCTGAGGGA 

Table S2.2: Tabulated Counts of SPL7-2 mutant Protoplast Transfection Efficiency 

From Left to Right: Transfection batch with indicated plasmid construct; cell counts of live 

protoplasts with eGFP fluorescence; cell counts of live protoplasts; batch transfection 

efficiency as determined by the percent of live cells with eGFP fluorescence 

Table S2.1: A list of used oligos in this study 
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CHAPTER 3: AN ALTERNATIVE TOOL FOR ELECTROCEMICAL STUDIES - 

ORGANIC ELECTROCHEMICAL TRANSISTORS 

3.1 Introduction 

Chapter 2 discussed the use of a PEDOT:PSS coated electrode with a supported lipid bilayer 

(SLB) as a device for measuring protein transport. This chapter serves as an addendum and 

introduces the use of an organic electrochemical transistor (OECT) in place of an electrode to 

enable the use of double potential step chronoamperometry as an additional method of 

electrochemical analysis. The following sections will elaborate on how an OECT SLB device 

can be used to detect transport through the Arabidopsis thaliana (A. thaliana) COPT1 copper 

transporter protein. 

3.2 Results and Discussion 

3.2.1 Chemical Induced Vesiculation of Protoplast Results in Blebs That Retain 

AtCOPT1 and AtCOPT2 

COPT1 and COPT2 were chosen as our target transport proteins due to their plasma 

membrane localization and suspected non-electrogenic nature. To minimize the contribution 

of other copper transporters in our assay, experiments were conducted in an A. thaliana 

COPT1/2/6 knockout (KO). A. thaliana COPT1/2/6 KO plants do not functionally express the 

known high-affinity copper transporters AtCOPT1, AtCOPT2 and AtCOPT6. We selected 

these plants as the starting material to for our assays with the goal to have our introduced 

COPT protein as the predominant copper transporter in the protoplast membrane after 

transfection.80 Mesophyll protoplasts were harvested from 14-day old plants and then 

transfected the same day. Protoplast were transiently transfected with a c-terminal eGFP-

tagged COPT constructs (AtCOPT1:eGFP) or (AtCOPT2:eGFP) under a CaMV 35S 

constitutive promoter to maximize the expression of COPTs and monitor its synthesis and 
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localization. Protoplasts transfected with the empty vector eGFP construct or with water in a 

Mock transfection served as the controls. Protoplasts overexpressing AtCOPT1:eGFP or 

AtCOPT2:eGFP exhibited GFP fluorescence localized to the plasma membrane, in 

comparison to the eGFP control which localized primarily to the cytosol [Fig. 3.1A]. The 

expression of full-length constructs was confirmed by GFP immunoblotting of harvested 

protoplasts following transfection. Bands can be seen at the predicted molecular weight of 

AtCOPT1:eGFP (~45 kDa), AtCOPT2:eGFP (~45 kDa), and eGFP alone (~27 kDa) on the 

GFP immunoblot [Fig. 3.1B]. Interestingly, additional higher bands were present in 

AtCOPT1:eGFP and AtCOPT2:eGFP blots that seem to correspond to the molecular weights 

of the COPT multimer forms (~90 kDa and ~135 kDa). Protoplasts were then chemically 

Figure 3.1: Confirmation of the synthesis and membrane localization of 

COPT1:eGFP & COPT2:eGFP in COPT1/2/6 KO protoplasts 

(A) Fluorescence images of COPT1/2/6 KO A. thaliana protoplast transfected with 

COPT1:eGFP (top), COPT2:eGFP (2nd), GFP encoding constructs (3rd) or Mock 

(bottom).  From left to right appear the GFP channel (FITC), chlorophyll auto-

fluorescence (LPFITC), merge image overlays and brightfield. Note that the COPT1:GFP 

fluorescence is localized primarily to the plasma membrane in contrast to the protoplast 

transfected with the empty vector (eGFP), which displays more cytosolic fluorescence. (B) 

Monoclonal Mouse anti-GFP IgG (Roche) immunoblots of protoplast samples following 

transfection. Lanes from left to right are: water Mock transfection, protoplasts transfected 

p-SAT6 empty vector EGFP (~27 kDa), p-SAT6 COPT1:eGFP (~45kDa), p-SAT6 

COPT2:eGFP (~45kDa). Additional higher bands appear ~90kDa and ~135kDa that 

might indicate the presence of COPT1:eGFP & COPT2:eGFP dimer or trimer. 
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induced to form blebs from the plasma membrane. Nanoparticle tracking analysis (NTA), and 

dynamic light scattering were used to characterize the bleb size distribution. Blebs isolated 

from COPT1/2/6 KO plants had an NTA measured diameter between ~100-200 nm and were 

within the expected size range for native blebs previously reported [Fig. S3.1A]. 79  The Z-

average size of COPT1/2/6 KO blebs measured by DLS ranged ~400-600nm and samples 

were highly polydisperse which may have influenced the accuracy of the reported Z-average 

diameter [Fig. S3.1B]. The zetapotential of COPT1/2/6 KO blebs were negative and ranged 

between 10-20 mV [Fig. S3.1C]. To determine if the COPT1:eGFP and COPT2:eGFP 

transporters were retained in the blebs, we first labeled the vesicle membranes with a 

membrane intercalating dye, octadecyl rhodamine B chloride (R18). The blebs were then 

adsorbed onto glass slides and imaged using confocal microscopy [Fig. 3.2A]. Colocalized 

Figure 3.2: Confirmation of COPT1:eGFP & COPT2:eGFP retention in COPT1/2/6 KO 

blebs 

(A) Confocal images of blebs derived from transfected COPT1/2/6 KO protoplasts labeled 

with the intercalating membrane dye, R18. Transfection conditions are indicated along the 

top and filters/channels along the right side.  R18 labeled SUVs appear in red, eGFP 

presence is indicated by green fluorescence, and colocalization of R18 and eGFP as yellow. 

(B) Monoclonal Mouse anti-GFP IgG (Roche) immunoblots of concentrated bleb samples. 

Lanes from left to right are: ladder, H2O mock transfection, protoplasts transfected with p-

SAT6 COPT1:eGFP (~45kDa), protoplasts transfected with empty vector p-SAT6 

COPT2:eGFP (~45kDa) Additional higher bands appear ~90kDa and ~135kDa that might 

indicate the presence of COPT1:eGFP & COPT2:eGFP dimer or trimer.  
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fluorescence of R18 and eGFP indicated that the COPT fusion constructs were still present in 

the vesicles. As an additional confirmation, isolated blebs were concentrated by ultra-

centrifugation and immunoblotted for GFP. Bands found indicated that AtCOPT1:eGFP (~45 

kDa) and AtCOPT2:eGFP (~45 kDa) were still present in the blebs [Fig. 3.2B].  

3.2.2 Supported Lipid Bilayers Containing COPT Transporters Can Be Made Using A. 

thaliana Derived Membrane Vesicles 

While there are many methods to form SLBs, for OECT devices we utilized a multi-step 

vesicle fusion method where cell blebs are induced to rupture on a support with fusiogenic 

liposomes [Fig. 3.3]. The multi-step vesicle fusion method like the method described in 

Chapter 2 involves optimizing the surface properties of the substrate and fusiogenic 

liposomes, however additional steps and additives are added to account for the properties of 

the OECT [Fig. S3.2]. To do this the charge and properties of the fusogenic liposome can be 

modified by changing the composite lipid composition81  and treating the OECT surface with a 

polyelectrolyte. Fusogenic liposomes with a 1:1 molar ratio POPC:POPG (1-palmitoyl-2-

Figure 3.3: Cartoon representation of the multistep vesicle fusion process and the 

formation of a protoplast-derived SLB 

 (1) PEDOT:PSS is plasma treated and coated with PAH before the addition of vesicles 

isolated via chemical induction of protoplast blebbing (2) 1:1 molar POPC:POPG 

fusiogenic liposomes are added to adsorbed blebs on the support (3) Electrostatic and Van 

der Wals forces induce their rupture into a contiguous SLB. 

Figure created with BioRender 

 



 

60 

oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol)) was used both due to their abundance in the 

native plant membrane and their compatibility with the OECT device.82,83 To visualize and 

confirm the formation of the SLBs with our blebs we used fluorescence recovery after 

photobleaching (FRAP). By fitting the intensity recovery to a 2D diffusion equation we 

obtained diffusion coefficients for R18 in SLBs in the range from ~0.275-0.175 µm2/s and 

mobile fractions between ~90-100% [Fig S3.3]. 

 

3.2.3 AtCOPT1 activity measured with an OECT 

To determine if proteins in SLB devices were functional we used double potential step 

chronoamperometry (voltage step analysis). As a starting point we focused on AtCOPT1 as it 

has been relatively more characterized than AtCOPT2. To accomplish this, PEDOT:PSS 

organic electrochemical transistors (OECT) devices were obtained from collaborators in 

Sweden. Briefly, voltage step analysis involves applying a constant current at the OECT 

source and measuring the drain current upon application of a voltage pulse [Fig 3.4A]. For a 

more detailed explanation refer to section 2.4.17 in Materials and Methods. All OECT 

electrical experiments were conducted using blebs from COPT1/2/6 KO plants to minimize 

possible effects from endogenously expressed high affinity copper transporters. 

Devices before SLB formation displayed a step like change in drain current with 

application of a voltage pulse [Fig 3.4B]. The addition of the polyelectrolyte polyallylamine 

hydrochloride (PAH), resulted in minimal change in the response. SLBs formed from 

COPT1/2/6 KO background AtCOPT1:eGFP, eGFP, and Mock transfection blebs were 

formed on OECT devices and the response delay was tested. The formation of a SLB was 

appreciated as a delay in the drain current response that appears as a curve rather than a step. 

The degree of the time delay was used to assess SLB quality. Only the transistor on the device 

with the highest delay was selected for subsequent measurements. Bio-available copper is 
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most commonly found in the +2 oxidation state, but COPT1 is believed to be Cu(I) specific so 

a molar excess of Ascorbic Acid (100 µM) was added to the copper solutions to reduce Cu(II) 

to Cu(I) and maintain the +1 oxidation state.14 Devices were then tested at a range of 

physiologically relevant Cu(I) concentration (0.01-50.0 µM) through subsequent additions of a 

concentrated copper sulfate solution. With the addition of Cu(I) there was a concentration 

dependent upward shift in the drain current response curve indicating a faster response and an 

increase in membrane permeability. 

In comparison to eGFP and Mock controls SLBs containing AtCOPT1:eGFP 

displayed faster response times which can be attributed to the activity of COPT1 [Fig. 3.5]. 

There was not a significant difference in response between eGFP and Mock control devices, 

however while the average response of AtCOPT1:eGFP devices were higher than the controls 

it was also highly variable making it difficult to draw conclusions. As another test to confirm 

AtCOPT1 activity, an OECT device with an AtCOPT1 SLB was configured for Electrical 

Figure 3.4: Voltage step measurements with OECT devices 

(A) Schematic of Plant-on-chip device set-up for Potential Step Chronoamperometry (voltage 

step) measurements. Ag/AgCl electrode is placed in the bulk electrolyte buffer. Source, drain 

and Ag/AgCl electrode are connected to the SMU (Keithley) device. PEDOT:PSS coated gold 

electrode serve as the working electrode (WE) (B) Representative drain current response of 

a single experiment with a COPT1:eGFP SLB device measured using Voltage Step analysis. 

Plain PEDOT device (black), SLB (blue), and Cu treatment at a low (green) and higher 

concentration (purple). The upward shift in the curve is indicative of a decrease in time delay 

as the transporter activates allowing ion flux. The length of the voltage pulse can be extended 

to capture the full length of the current delay 

Figure created with BioRender 
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Impedance Spectroscopy measurements and used to test the response to increasing Cu(I) 

concentrations (0.01-50.0 µM). Results visibly indicated that the SLB associated resistance 

(Rm) decreased with increasing copper concentration as expected [Fig S3.4]. Though 

generally used to model enzyme kinetics, Michaelis-Menten can be used to model transport 

proteins provided that they display concentration dependent and saturable response with 

single-file transport.56 To characterize the Cu(I) response we modeled the inverse normalized 

response time with a typical Michaelis-Menten to obtain an apparent affinity. This affinity is 

the combined contribution of the expressed AtCOPT1:eGFP protein, any additional 

transporters as well as the effects of the Cu-membrane interactions. To see if it was still 

possible to extract kinetic information, we used Michaelis-Menten to model the response of 

Figure 3.5: OECT Electrical measurements of COPT1/2/6 KO Supported lipid bilayers 

(A) Normalized inverse responses from voltage step analysis measurements of 

COPT1:eGFP, Mock transfection, and empty vector eGFP SLBs at Cu concentrations from 

0.01 to 50.0 µM in presence of 100 µM of Ascorbic Acid. The error bars represent the 

standard error of (Mock, eGFP; n = 3, COPT1:eGFP; n = 7) technical replicates 
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the experimental run with the highest response. Calculated kinetic values for the 

AtCOPT1:eGFP OECT were Km = 0.182 ± 0.053 µM and Vmax = 16.41 ±0.61 with a 

coefficient of determination of R-square = 0.925 [Fig. S3.5]. Attempts to fit the mean 

response of AtCOPT1:eGFP OECT devices resulted in a poor quality fit. The affinity 

determined with the electrode and EIS in Chapter 2 for an AtCOPT1:eGFP bilayer was Km= 

0.357 µM which is within the same order of magnitude as the Km measured by this method. 

The difference in values could be attributed to inherent variations measurement modalities, 

sensitivity and statistical power. 

The limitations of these experiments could be attributed to a variety of factors namely 

1) variability in AtCOPT1:eGFP content between experiments 2) background signal from 

other transporters present 3) variability in initial SLB quality. To address the challenge of 

transporter content in experiments one approach used in Chapter 2 was the shift in protoplast 

transfection size from 106 cells to smaller batches ~2-2.5 x 105 cells which provided 

consistently higher transfection efficiencies. Another optimization of the experiment was the 

shift in plant lines from the COPT1/2/6 KO to a spl7-2 mutant which lacks the functional 

SPL7 copper deficiency response transcription factor. The absence of SPL7 should reduce the 

expression of a wider range of copper transporting proteins rather than just the COPT1/2/6 in 

the knockout. The switch to EIS for electrical measurements provided a faster and simpler 

method for determining SLB quality by simply measuring the SLB associated resistance in 

program and setting an optimal resistance range. This is opposed to voltage step analysis 

which would require a more in-depth fitting of the drain current response curve by exporting 

into a separate program or by first determining the SLB quality using EIS before proceeding to 

voltage step experiments.53 
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3.3 MATERIALS AND METHODS 

 

3.3.1 Materials 

1-Palmitoyl-2-oleoyl-glycero-3-phosphocholine (16:0–18:1 PC, POPC), 1-palmitoyl-2-oleoyl-

sn-glycero-3-phospho-(1′-rac-glycerol) (sodium salt) (POPG) used for the preparation of 

fusiogenic liposomes was obtained from Avanti Polar Lipids (700 Industrial Park Dr, 

Alabaster, AL 35007). Whatman Nucleopore polycarbonate filters (100 nm) (Cytiva- 

Marlborough, MA) were used for liposome extrusion. The octadecyl rhodamine B chloride 

(R18) used in optical experiments was obtained from Thermo Fisher Scientific (Waltham, 

MA). Microscope coverslips (VWR 25 mm × 25 mm glass) were prepared for use by Piranha 

wash using sulfuric acid (95- 98%, VWR) and hydrogen peroxide (50 wt.% solution, Krackler 

Scientific). 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), dithiothreitol 

(DTT), formaldehyde solution, and Calcium Chloride dihydrate were all purchased from 

Millipore Sigma. PEDOT:PSS (PH 1000) was purchased from Heraeus Clevios GmbH 

depending on availability. 4-Dodecylbenzenesulfonic acid (DBSA), (3-glycidyloxypropyl) 

trimethoxysilane (GOPS), ethylene glycol (EG), polyallylamine hydrochloride (PAH), 

Polyetheylene Glycol 8k and MES Sodium salt were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). Potassium Chloride (KCl) was purchased from MP Biomedicals (Solon, 

OH). MES was purchased from Calbiochem. L(+)-Ascorbic Acid (AA) was purchased from 

EMD Chemicals. Sodium Citrate dihydrate was purchased from Fisher Scientific. Tween-20 

was purchased from Sigma. PDMS was prepared from a 10:1  

For western blots Monoclonal Mouse anti-GFP IgG from Roche and Goat anti-Mouse IgG 

H+L IgG HRP was purchased from Abcam. 

For plant culture, enzyme digestion and transfection Murashige and Skoog (MS) medium and 

Polyethylene Glycol 4000 (PEG-4000) was purchased from Sigma-Aldrich (M5519). D-
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Sorbitol, D-Mannitol, Sucrose, Pure bright bleach, and Magnesium Chloride anhydrous were 

purchased from VWR. Cellulase Onozaka R-10 and Macerozyme R-10 were both purchased 

from Research Products International (RPI). 

ImageJ 1.53 A and Fiji (NIH), AxioVision rel. 4.8, Zen 3.4 were used to acquire and analyze 

optical data. Origin 2024 was used to plot data found in the main and supporting figures. All 

plasmid sequences were confirmed by full length Nanopore plasmid sequencing through 

Plasmidasaurus or Eurofin Genomics. 

 

Buffers and other solutions: 

GPMVM Buffer: (500 mM Mannitol, 150 mM NaCl, 2 mM CaCl2, 10 mM HEPES pH 5.6) 

Blebbing Buffer: (2 mM DTT (2 uL/mL), 25 mM Formaldehyde (2.25 uL/mL) GPMVM 

pH5.6)  

W5 medium: (0.1% glucose, 0.08% KCl, 0.9% NaCl, 1.84% CaCl2 2H2O, 2 mM MES-KOH 

pH 5.7) 

TVL: (0.3 M Sorbitol, 50 mM CaCl2, sterilize with 0.45-µm filter) 

Enzyme Solution: (0.5 M Sucrose, 20 mM CaCl2, 40 mM KCl, 20 mM MES-KOH pH 5.7, 

1w/v% Cellulase, 1w/v% Macerozyme sterilized with 0.45-µm filter) 

Bleach Sterilization Solution: (30% bleach, 70% sterile Di H2O and 0.1% Tween-20) 

MMG: (0.4 M mannitol, 15 mM MgCl2, 4 mM MES-KOH pH 5.7) 

PEG-Calcium Transfection Solution: (40% PEG-4000, 0.2 M mannitol, 100 mM CaCl2) 

D3 buffer (NaCl 0.09 g, MgCl 0.102 g, CaCl2 0.02 g, MES 1.09 g, H2O 100mL pH6.0) 

3.3.2 Plasmid Generation 

Plasmids were amplified as described in Chapter 2 Section 2.5.3 

3.3.3 Isolation of Protoplast, Transfection and Blebbing 

Protoplast were isolated from 14-day old A. Thaliana COPT1/2/6 KO seedlings and ~106 cells 
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were transfected with either a Mock water transfection, AtCOPT1:eGFP, AtCOPT2:eGFP or 

empty vector eGFP pSAT6 plasmids under a CaMV  35S promoter as described in the 

Methods section of Chapter 2 Sections 2.5.4 and 2.5.5. Similarly, blebs were also produced 

as described in Section 2.5.6 

3.3.4 Protoplast and Bleb Western Blot 

Protoplast were pelleted and lysed by physical agitation before addition of a western blot mix 

(Bolt Blue LDS and Bolt Reducing Agent Buffer at final concentration 1x and 5%w/v SDS). 

Blots were then stained with Ponceau S and imaged Chemidoc (Bio-Rad) to assess transfer 

and serve as a loading control. The blot was then blocked with milk (5% milk powder in 

TBST buffer) before immunoblotting with 1:4000 Mouse anti-GFP (Roche) overnight at 4  °C 

and 1:4000 Goat anti-mouse (Abcam) for 1 hr at room temperature. Blots for blebs were 

similarly prepared but blebs were first concentrated by ultracentrifugation at 28,000 rpm for at 

least 4 hrs. Blots were imaged for GFP with a Chemidoc (Bio-Rad) after staining with an ECL 

kit (Clarity) and analyzed using Image Lab software (Bio-Rad). 

3.3.5 Glass and PEDOT slide Preparation 

Clean glass slides were prepared by Piranha wash as described in Chapter 2 Section 2.5.8. To 

make the PEDOT:PSS solution PEDOT:PSS (Clevios PH 1000) was filtered through a 0.45 

µm syringe filter and then combined with ~1% (3-glycidyloxypropyl) trimethyoxysilane, 5% 

Ethylene Glycol, and ~0.33% Dodecylbenzenesulphonic acid in a scintillation vial. The 

solution was then sonicated for 30 mins in a chilled bath sonicator (ultrasonic cleaner, VWR) 

and passed once through a 0.45 µm syringe filter. Clean glass slides were prepared for spin 

coating via oxygen plasma cleaning at 29.6 W and 700 mm pressure for 2 mins (Harrick 

Plasma, Ithaca, NY). Three drops of PEDOT:PSS solution were then applied to each slide and 

spin coated (Apogee Spin coater, Cost Effective Equipment) at 2800 rpm for 30 s. The coated 

slides were then baked at 140 °C for 1 hr and immersed in deionized water overnight. Before 
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use slides were rinsed with deionized water and dried with nitrogen gas. 

3.3.6 Fusiogenic Liposome Preparation 

Fusiogenic liposomes were formed using thin-film hydration and extrusion with a suspension 

of phospholipids in chloroform. Chloroform solutions were prepared with the desired molar 

ratio of POPC and POPG. The chloroform was evaporated using nitrogen gas to form a lipid 

thin film and was placed under vacuum for a minimum of 4 hr to remove trace solvent. The 

lipids were then rehydrated with Tris-HCl KCl or GPMVM pH 5.6 buffer to a concentration 

of 2 mg/mL. The rehydrated suspension was then vortexed, and water bath sonicated for 15 

mins before extruding at least 10 times through a 100 nm Nucleopore polycarbonate filters 

using an Avanti Extruder (Avanti Polar Lipids, Birmingham, AL). 

3.3.7 Liposome and Bleb Characterization 

The size distribution of liposomes and blebs were measured with nanoparticle tracking 

analysis (NTA) on a Malvern NS300 Nanosight (Malvern Instruments) and dynamic light 

scattering Zetasizer Nano-ZS instrument (Malvern Instruments) as described in Chapter 2 

Section 2.5.11. Zetapotential of blebs diluted in GPMVM buffer were determined using the 

Zetapotential function of a Zetasizer Nano-ZS in a DTS1070 Folded Capillary Zeta Cell 

(Malvern Panalytical). 

3.3.8 Plant Bleb Confocal Microscopy 

Isolated blebs were optically confirmed to retain transfected constructs using confocal 

microscopy as described in Chapter 2 Section 2.3.12. 

3.3.9 Multi-step Supported Lipid Bilayer Formation 

The multi-step vesicle fusion method is optimized for the surface properties of the Swiss 

OECT devices. Each device contains six PEDOT:PSS transistors with areas of 10 or 100 µm2. 

In the multistep process, PEDOT:PSS slides and OECT devices are first oxygen plasma 

treated at 29.6 W and 700 mm pressure for 2 mins. This plasma treatment step provides the 
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needed electrostatic properties to the substrate that allow for vesicle fusion. The plasma 

conditions must be tuned for each plasma cleaner and surface to obtain the proper electrostatic 

conditions for SLB self-assembly. Following plasma treatment, the well surface is coated with 

a layer of positively charged polyelectrolyte by 10 min incubation with 100 µL of 

poly(allylamine hydrochloride) (PAH) solution (~2.3 mg/mL in 0.5M NaCl) before rinsing 

with D3 buffer. This positive polyelectrolyte layer helps to minimize the negative charge of 

PEDOT:PSS and interacts electrostatically with the negatively charged native membrane blebs 

to improve rupture. For plant membrane blebs PAH performs the best but other vesicles have 

been ruptured using poly-L-lysine (PLL). Bleb can then be spun down at 2000 RCF and 50-

100ul is added to the well and allowed to incubate for 10 mins before rinsing off any un-

adsorbed blebs with D3 Buffer. To induce the rupture of the blebs 75-100 uLs of POPC:POPG 

(1:1 molar) fusiogenic liposomes were added and incubated in the well for at least 1 hr before 

rinsing with D3 buffer. PEG 8k (1 w/v %) was added for electrode and transistor devices to 

improve the rupture of blebs through induced osmotic shock. After 10 mins the device well 

was washed with D3 buffer and ready for use. 

3.3.10 Fluorescence Recovery after Photobleach (FRAP) 

To obtain fluorescently labeled supported lipid bilayers for FRAP, blebs were labeled with 

with 3 µL of R18 (0.36 mM) lipophilic dye per 100 µL of bleb solution and sonicated for 10 

mins (kept under 25 °C with ice pad). SLBs were then formed with POPC:POPG liposomes 

using the labeled blebs on PEDOT:PSS coated slides as earlier described. The procedure for 

FRAP was then continued as described in Chapter 2 Section 2.5.14. 

 

3.3.11 Organic Electrochemical Transistor Voltage Pulse 

All measurements of OECT voltage step were conducted in 0.1x D3 buffer with a set up 

composed of a Source Measurement Unit (Keithley 2612B SourceMeter) connected to the 
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device source and drain electrode with an Ag/AgCl gate electrode. Supported Lipid bilayers 

were formed on OECTs with the multistep method and double potential step 

chronoamperometry was used to detect the activity of AtCOPT1:eGFP by applying a step 

voltage to OECT devices. The length of the voltage pulse was selected such as to allow for the 

extension of the drain current response. A baseline current was maintained at the source 

electrode and the current recorded at the drain as a +0.2 V pulse was applied at the gate 

electrode. The drain current response changes as the degree of doping of PEDOT:PSS 

transistor changes. On a bare device drain current response closely follows the applied voltage 

and appears stepped. Upon formation of a SLB the flux of ions to the PEDOT:PSS transistor 

is attenuated resulting in a delay in the current response [Fig. S2.11C]. The current response 

can be fit using an exponential model of the form: 

𝒚 =  𝒚𝟎 + 𝑨 ∙ 𝐞𝐱𝐩 (𝑹𝟎𝒙)  (4) 

where 𝑦 is the current, x is the pulse time, 𝑅0 is the OECT time constant τ and the response 

time, t,  is given by -1/τ.63 When a pore is formed in an SLB such as during the activation of a 

transporter protein there is a small increase in ion flux that causes a change in the doping state 

of the PEDOT:PSS. This change results in an increase in the drain current response time as 

compared to the of the SLB in the initial inactive transporter state. SLBs formed from 

COPT1:eGFP, eGFP, and H2O mock blebs were exposed to increasing concentrations of Cu(I) 

as described, and measurements were taken after each addition following a 6 min 

equilibration. To compare devices, the response times following Cu(I) treatment were 

normalized to the SLB initial response times.  Km and Vmax OECT values were obtained by 

modeling the inverse normalized device response time with a Michaelis-Menten model in  

Origin Lab.56  
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APPENDIX B: SUPPLEMENTAL INFORMATION FOR CHAPTER 3 

 

 

  

Figure S3.1: NTA and DLS Size and Zetapotential Measurements of COPT1/2/6 KO 

Blebs 

(A) Mean particle diameter as measured by Nanoparticle tracking analysis (NTA) of blebs 

derived from Mock transfection, empty vector eGFP, COPT1:eGFP COPT2:eGFP 

transfected protoplast. (n=5 measurements) (B) Bleb Z-average particle size as measured 

by dynamic light scattering (DLS) for Mock transfection, empty vector eGFP, 

COPT1:eGFP COPT2:eGFP blebs. (n=15 technical replicates) (C) Zetapotential 

measurements of isolated blebs. (n=3 technical replicates). All measurements were 

conducted in GPMVM pH5.6 buffer. Error bars represent the standard error of technical 

replicates 
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Figure S3.2: Optimization of Vesicle Fusion on PEDOT:PSS 

Fluorescence images of R18 labeled wild-type A. thaliana blebs ruptured on PEDOT;PSS 

coated glass slides with the multistep approach. Left indicates pretreatments applied to the 

PEDOT:PSS substrate (no treatment, PAH, PLL). Top indicates fusiogenic liposome 

compositions. (95:5 POPE:DSPE PEG5k, DOPC, 47.5:47.5:5 DOPC:DOPTAP: DSPE 

PEG5k, POPG, 1:1 POPG:POPC, 47.5:47.5:5 POPG:POPC: DSPE PEG5k) Promising 

combinations are highlighted in red. 
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Figure S3.3: SLB formation and Fluorescence Recovery after Photobleach with 

COPT1/2/6 KO blebs 

(A) Fluorescence Recovery after Photobleach representative images of R18 labeled 

COPT1/2/6 KO bleb SLBs at approximately 15 seconds, 5 minutes and 15 minutes after 

photobleaching with a 561nm laser. From top to bottom: SLBs formed using H2O  Mock, empty 

vector eGFP, and COPT1:eGFP. SLB formation is indicated by the full recovery of bleach spot 

fluorescence (B) Mobile Fraction (MF) of R18 in H2O Mock, empty vector eGFP, and 

COPT1:eGFP SLBs (C) R18 diffusivities of H2O Mock, eGFP, and COPT1:eGFP SLBs.The 

error bars represent the standard error measurements of three technical replicates (n = 3) 
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Figure S3.4: OECT EIS Measurement of COPT1/2/6 KO AtCOPT1:eGFP SLB 

(A) Representative Bode impedance profile of a single experiment with a AtCOPT1:eGFP 

SLB device measured using EIS first with plain OECT device (black), OECT treated with 

PAH (grey), AtCOPT1 SLB (violet), and Cu treatment from 0.01 µM (purple) to 50 µM 

(red). The drop in impedance is visible as the concentration of Cu increases corresponding 

to a shift in color from purple to red and indicating copper transport. 
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Figure S3.5: Michaelis-Menten Fit for OECT Device Voltage Step 

Michaelis-Menten fitting of the normalized inverse response of the COPT1/2/6 KO 

AtCOPT1:eGFP OECT device with the highest response. 
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CHAPTER 4: CONCLUSION AND FUTURE OUTLOOK 

4.1 Conclusion 

Transport proteins are key structures that play crucial roles in the biological compartments that 

allow for life. Their presence not only allows for the maintenance of the delicate balance of 

ions required in organisms, but also the support the critical role biological membranes play in 

providing unique chemical environments for biological reactions and signal transduction. 

Indeed, transporters have evolved to become efficient conveyors of ions and molecules. The 

chemical variations of pore structures, as well as selective moieties lining the pore, make it 

possible for transporters to discriminate between the vast number of possible ions and 

molecules present in biological systems. The highly tuned selectivity of transporters, however, 

also makes them vulnerable to mutations, which can limit function and result in disease and 

dysfunction on the organism level. This makes transporters a critical target for scientific 

inquiry; however, efforts to elucidate their molecule targets, specificity, and overall activity 

have been stifled particularly in plants by limited accessibility, imperfect exogenic models, 

and a lack of direct tools for measuring function. 

The challenge of accessibility to plasma membrane transport proteins, in plants, has 

been largely addressed through the use of protoplasting techniques which eliminate the 

physical barrier of the plant cell wall. However, transport proteins are also ubiquitous in many 

of the membranes inside organisms and achieving access to these organelle membranes 

remains a challenge. Frequently, transport proteins are expressed exogenously into the plasma 

membrane of other organisms, however this comes with the caveat of removing the native 

membrane milieu with the possibility then of disrupting function and/or activity of the 

transporters. To characterize the function of the transporters, analytes are generally measured 

indirectly with uptake assays or through technically challenging patch-clamping methods. 
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While patch-clamping has been a great tool in measuring ion channels, proteins that 

are not sufficiently electrogenic and transporters have proven to be difficult or impossible to 

measure due to their slower transport. This means a vast number of biologically crucial 

transporting proteins cannot be measured directly. Despite their limitations, these techniques 

have collectively provided much of our initial understanding of transport proteins and the 

ways they function. Still, the multitude of challenges with current methodologies motivates 

the need for new approaches to answer the burgeoning questions in plant transport. 

The design of a Plant membrane-on-Chip platform draws from the collective 

knowledge gained from prior works to develop a system which can provide in vitro and more 

facile means of directly measuring transporter function. Harnessing the capabilities of 

supported lipid bilayers (SLB) we can form biomimetic membranes using plasma native 

membrane material that naturally express transporters and recapitulate many of the properties 

of the native environments. This allows us to avoid many of the adverse effects of exogenous 

expression while also providing a more controlled environment for the interrogation of 

interactions and functions without the added complexity of in vivo methods. Additionally, we 

present how the incorporation of the native membrane SLB with biocompatible conductive 

surfaces allows us direct measurement of a plant copper transporter activity using traditional 

electrophysiological techniques. 

The benefit to EIS and OECT potential step chronoamperometry is that they measure 

transporter function through the detection of impedance changes under analyte flux. This 

allows us to detect the function of slower transporters or electroneutral transporters that is 

nearly impossible with traditional patch-clamp. In summary, the work presented here 

represents the first steps towards a new era of flexible biomimetic devices that are amenable to 

directly characterizing a range of transporting proteins never before possible. For the plant 

domain, these advances open exciting possibilities to study transporter at the molecular scale 
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that has not been accessible to date but growing in importance as pressures mount for plants to 

respond to environment and climate stresses.  

4.2 Future Directions 

While the Plant Membrane-on-Chip platform can provide a needed tool for the study of plant 

transport proteins there are also a few outstanding challenges. We demonstrate here the use of 

a mesophyll plasma membrane SLB device, but the accessibility of internal membrane-

localized proteins remains a challenge. Despite this, the future remains bright as through the 

development of organelle isolation and fractionation techniques, it may be possible to form 

organelle-derived SLBs. Access to the internal membranes, especially the tonoplasts and 

chloroplast membranes, would allow for the study of numerous other transport proteins. Some 

notable targets are AtCOPT54 and the AtPHT96 and AtHMA7 family of transporters that are 

proposed to be involved in organelle copper trafficking [Fig. 1.1]. Due to the unique 

composition of organelle membranes, it may be necessary to design vesicle fusion strategies 

that may incorporate the use of different fusogenic liposomes, surface treatments and buffers. 

Crucially, it has been shown that SLBs can be formed from a wide range of organisms, plant 

species, tissues and preliminary work has shown SLB formation to be compatible with various 

buffers [Fig 4.1].48,79,97 

One technical challenge is achieving the needed expression level of the transporter of 

interest in plants. Low protoplast transfection efficiencies of proteins can be a major 

bottleneck as proteins must first be expressed in planta, carried over during blebbing and 

finally incorporated in the SLB at a level high enough for electrical detection. Each of these 

steps lowers the available protein present, necessitating a high transfection rate. Incorporation 

of flow cytometry following transfections could largely eliminate this concern by providing a 

high throughput means to separate protoplasts expressing the protein of interest and 
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selectively blebbing them. 

Though the Plant Membrane-on-chip platform is an in-vitro system it can also carry 

some of the challenges of in-vivo systems. As SLB largely recapitulates the native orientation 

of proteins the Plant membrane-on-Chip platform is currently limited to the measurement of 

influx carriers due to the geometry where ligands can only be added to the buffer above the 

SLB. The development of a SLB on a porous support would allow access to the luminal space 

and subsequently enable the measurement of efflux transporters. As another challenge, the 

nature of the native SLB system can act as a ‘double-edged sword’. It is possible to 

recapitulate protein interactions, but care must be taken in selecting the appropriate cell 

background when attempting to isolate specific behaviors. In this work, we investigated the 

Cu oxidation state specificity of COPT mediated transport, however the likely presence of 

metalloreductases proved to be a confounding factor. To address this with our current system 

it would be ideal if we could obtain a plant line lacking expression of Cu plasma membrane 

metalloreductases such as FRO4/5 that also have minimal expression of copper transporters 

but the generation of such a line could prove difficult.27 As an alternative, adding compounds 

that halt these enzyme’s activity could be an alternative to developing a knockout. Further, the 

Figure 4.1: Root tissue derived A. thaliana Supported Lipid bilayers formed in various 

buffers. 

Fluorescence images of R18 labeled supported lipid bilayers (SLBs) formed from derived A. 

thaliana root protoplast blebs with the multistep vesical fusion approach on PEDOT:PSS 

coated glass slides. SLBs were formed with 1:1 molar POPC:POPG fusiogenic liposomes 

on PAH treated PEDOT:PSS followed by addition of PEG8k. LEFT: D3 buffer, CENTER: 

PBS buffer. RIGHT: GPMV buffer with 5 mM magnesium chloride  
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use of a native SLB in combination with a cell-free expression or reconstituted protein SLB 

approach would allow one to design exactly what is present in the bilayer and allow 

experiments that could provide insight on protein behavior in their native environment and 

alone. While these approaches offer significant benefit, it also highlights that with biological 

systems there is no ‘one size fits all’ approach and to fully understanding the function and 

behavior of transporter proteins there will be a need for continued innovation.  
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