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ABSTRACT 
 

Developing nanoscale probes capable of real-time sensing 

and imaging of neuronal action potentials would be useful 

in understanding neuronal communication. However, 

currently available tools for imaging action potentials lack 

either the spatial or temporal sensitivity to understand 

neuronal networks with single cell resolution. Two methods 

were used here to determine how voltage-induced changes 

in nanoparticles’ emission spectra could be employed to 

image membrane action potentials. First. voltage was 

applied to a polymeric matrix loaded with quantum dots 

(QDs) was used to assess luminescence responses to 

voltage. Second, QDs were loaded into cultured cells 

coupled with the controlled induction of action potentials.  
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1. INTRODUCTION 
 

Understanding neuronal network activity with single cell 

resolution is critical to  understanding how the brain works. 

Taking advantage of the inherent photophysical and 

electronic properties of various nanoparticle (NP) materials 

(e.g., semiconductor quantum dots (QDs), gold NPs) and 

NP-peptide hybrid constructs that allow for specific 

localization to cell plasma membrane [1]–[4], voltage 

changes due to action potentials can be directly detected. 

QDs can be engineered such that their spectral properties 

can be discretely tied to changes in a surrounding electric 

field and do not require genetic manipulation of the cell for 

function. This latter attribute makes them attractive 

alternatives to fluorescent methods such as genetically-

encoded calcium indicators (GECI) which uses calcium 

signaling as a proxy for action potentials [5].  

Neurons communicate through action potentials – the 

modulation of the electrical potential across the 5-7 nm 

expanse of the neuronal cell plasma membrane. Action 

potentials that traverse down the axon result in 

neurotransmitter release at the synapse which results in 

activation of nearby neurons resulting in action potentials in 

these cells.  

Much is know about how an action potential occurs. But 

to understand whole brain activity and behavior it is 

necessary to understand neuronal network behavior – the 

activity of hundreds to thousands of neurons at single cell 

resolution. This goal is currently hindered by several 

critical technological limitations. There are a number of 

methods available to understand brain functionality from 

the synapse level to the whole brain level, but the 

limitations of each make it difficult draw concrete 

conclusions.  

 

 
Figure 1. Examples of current methods for detecting 

neuronal activity. (A) Patch clamp detects single cells 

activity (image from [6]). (B) Typical microelectrode array 

for an in vitro preparation is along with a new generation of 

flexible electrodes for in vivo implantation (image from 

[7]). (C) Example of neuronal activity in the barrel cortex 

of an anesthetized mouse as detected with commercial VSD 

(image from [8]). (D) Labeling with a new type of VSD that 

has better spatial labeling in vitro (image from [9]).  

 

Currently neuronal electrical activity can be measured 

through electrophysiology, voltage sensing dyes (VSD) or 

electrode arrays. Electrophysiology, especially patch clamp 

can fully delineate the electrical activity of a single neuron 

but is hampered by low throughput, high degree of 

difficulty, and invasiveness. Furthermore, if conducting 
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these experiments in vivo, animals need to be anesthetized, 

which has shown to alter brain activity [10].  

VSDs can measure the activity of whole neuronal 

populations but currently suffer from spatial resolution and 

cause significant toxicity. Other optical imaging techniques 

typically use calcium indicators in lieu of reading electrical 

activity but the dynamics of calcium imaging is much 

slower than that of action potentials [11]. Furthermore, 

disease states may cause uncoupling of second messenger 

systems from action potentials.  

Electrode arrays combat the low throughput of 

electrophysiology by employing electrodes that can 

measure the fast spiking dynamics of neurons but the nature 

of the electrode means that one cannot differentiate the 

origin of the signal to distinguish between type of neuron 

and thus lack single cell resolution [11]. 

 

2. MATERIALS AND METHODS 
 

2.1 QD synthesis 

CdSe–ZnS core–shell QDs with emission maxima 

centered at 530, or 550 nm were synthesized and made with 

the hydrophobic ligands in Table 1.  

 

Table 1. Hydrophobic ligand and QD combinations 

QD Ligand 

550nm Hexylphosphonic acid (HPA), Trioctyl  

phosphine oxide (TOPO), Trioctyl 

phosphine (TOP) 

530nm zwitterionic d-penicillamine (DPA), 

Trioctyl  phosphine oxide (TOPO), Trioctyl 

phosphine (TOP), Oleylamine 

530nm Hexane Thiol 

 

2.2 Cell culture  

Cell culture was performed using PC12 cells maintained 

in RPMI-1640 (ATCC) supplemented with 10% HS 

(ATCC), 5% FBS (ATCC) and 1% (v/v) 

antibiotic/antimycotic (Sigma). Cultures were grown in T25 

flasks in 5%CO2 at 37C and passaged every seven days. 

PC12 cells were plated on collagen coated MatTek dishes 

with 2/3 media replacement every 2-3 days.  

 

3. RESULTS 
 

3.1 QD fluorescence to changes in voltage 
 

QDs have been theorized and shown experimentally to 

be sensitive to changes in voltage/electric field strengths 

[12], [13]. Preliminary data collected in our laboratory 

show that QDs’ emission intensity decreases in a voltage-

dependent fashion (Figure 2). The higher the voltage the 

lower the number of photons emitted per second with an 

almost linear relationship. Based on signal detection theory 

calculations, QDs have been shown to be capable of 

detecting neuronal membrane voltage dynamics with 

millisecond precision (Figure 3) and with greater sensitivity 

than with traditional methods such as VSDs and genetically 

encoded calcium indicators [13]. The QDs display 

reproducible photoluminescence changes with respect to 

electrical fields that do not suffer from hysteresis effects. 

 

 
Figure 2. Preliminary data showing the voltage-dependent 

fluorescence quenching of quantum dots as measured in 

photon counts/second. The quantum dots yielded specific 

intensities that decreased linearly with increasing voltage. 

The full width half maximum (FWHM) also changed with 

voltage.  

 

4. CONCLUSION 
 

Potentiometric nanoparticles can be a useful tool in the 

field of neuroscience for measuring neuronal activity. Their 

fast response time, small size, and resistance to 

photobleaching make them ideal for delivery to and 

measuring voltage changes across a plasma membrane 

(Figure 3).  

 

 
Figure 3. QDs can have altered fluorescence behavior in 

the presence of an electric field and this effect can be used 

to measure the change in electric field in the plasma 

membrane during an action potential.   
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