
Fluorescent Materials for Mitochondrial Biology | Encyclopedia.pub

https://encyclopedia.pub/entry/13076 1/11

Fluorescent Materials for Mitochondrial
Biology
Subjects: Nanoscience & Nanotechnology

Contributor: Sanghee Lee

Mitochondria are double-membraned organelles. The mitochondrial inner membrane has characteristic folds,

called cristae, providing a large amount of surface area for chemical reactions, and it is enclosed by a permeable

mitochondrial outer membrane, which completes the double membrane-bound architecture of mitochondria.

Mitochondria undergo dynamic movement inside cells by fusion and fission and build large interconnected

intracellular networks, a process which is called mitochondrial dynamics.
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1. Introduction

Mitochondria play pivotal roles in supplying cellular energy in the form of adenosine triphosphate (ATP) via

oxidative phosphorylation . Recent enthusiastic efforts have revealed that this ‘powerhouse of the cell’ is indeed

the hub of intracellular signaling, energetics, and redox balance . Considering the important role of

mitochondria in calcium homeostasis, fatty acid synthesis, and biogenesis of the heme and iron-sulfur proteins, the

interconnection between mitochondria and cellular signaling is essential . Mitochondria provide energy in the

form of ATP for cell survival; however, mitochondria are also actively implicated in apoptosis to promote cell death

. Since mitochondria are key regulators of apoptosis, they participate in developmental processes and aging .

Therefore, mitochondrial dysfunction is associated with aging-related phenomena including metabolic disorders,

cardiomyopathies, and neurodegeneration . Consequently, there is a high demand for understanding

mitochondrial biology as a new frontier in health and disease.

Mitochondria are double-membraned organelles. The mitochondrial inner membrane has characteristic folds,

called cristae, providing a large amount of surface area for chemical reactions, and it is enclosed by a permeable

mitochondrial outer membrane, which completes the double membrane-bound architecture of mitochondria .

Mitochondria undergo dynamic movement inside cells by fusion and fission and build large interconnected

intracellular networks, a process which is called mitochondrial dynamics . It is generally believed that

mitochondrial dynamics allows the cell to respond to cellular environmental changes, and results in the cell-type-

specific appearance of the mitochondrial morphology. In addition, recent studies have demonstrated that

mitochondrial dynamics is important for understanding multiple biological processes, and dysfunctions of
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mitochondrial dynamics could trigger several human diseases . Therefore, monitoring mitochondrial

morphology could provide a clue to learn many different biological processes for human diseases.

Mirroring these important roles of mitochondria in biological systems, there exists considerable interest in the

development of new material for monitoring mitochondrial structure and function . With a high sensitivity and

signal-to-noise ratio, simple operation, practicality, good selectivity, and the capability for real-time detection,

fluorescence has been utilized as a promising technique. From monochromatic fluorescent probes to ratiometric,

multi-photon probes, and target-switchable fluorescent probes, a variety of fluorescent chemical probes has been

developed . Due to the high extinction coefficients, quantum yields, and modularity, the engineering of

multicolored fluorescent proteins has enabled the development of various protein sensors . Based on the high

loading capacity and availability in multimodal imaging or sensing, there exists a continually growing attention for

fluorescent nanomaterials in bioimaging . The application of these fluorescent materials in mitochondrial

research has disclosed a new area for monitoring mitochondrial biology in vitro and in vivo .

2. Fluorescent Chemical-Based Mitochondria Probes

The strategy for the development of fluorescent chemical probes for monitoring mitochondria-associated biological

events is usually presented by conjugation of the mitochondria-targeting motif with an organic fluorophore using a

suitable linker ( Figure 1 ). As a part of anchoring mitochondria, the lipophilic cation is mainly considered as a key

motif for the accumulation of the chemical in the mitochondrial matrix . A delocalized cationic character in

conjugated systems such as aromatic rings is essential for the accumulation of chemicals in mitochondria .

Therefore, the manipulation of the lipophilic character of chemical probes can affect their ability for targeting

efficiency toward mitochondria. Based on structural insights, various kinds of fluorescent probes bearing lipophilic

cations in diverse fluorophores such as boron-dipyrromethene (BODIPY), Rhodamine, cyanine-based Alexa-fluor,

and acedan have been developed and are already commercially available to monitor mitochondria or membrane

potential, e.g., MitoTracker Green, MitoTracker Orange, MitoTracker Red, and MitoTracker Deep Red ( Figure 1 )

. In particular, the last three dyes—MitoTracker Orange, Mitotracker Red, and MitoTracker

Deep Red—are available in super-resolution imaging like stochastic optical reconstruction microscopy (STORM)

.
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Figure 1. Chemical structures of various fluorescent chemical probes for mitochondrial biology 

.

The application of fluorogenic organic dyes that induce ‘turn-on’ fluorescence by a specific event in the case of

localization in mitochondria has reduced background fluorescence and obtained a high signal-to-noise ratio .

Herein, we introduce interesting examples for fluorogenic mitochondria chemical probes and systematic studies for

the regulation of hydrophobicity targeting mitochondria. In addition, we focus on the development of versatile

fluorescent chemical probes for monitoring mitochondrial metabolites and membrane potential.

As a mitochondria-targeting motif, TPP is the most widely used functional group in the application of chemical

probes as well as other fluorescence materials . Due to the critical impact of the fluorogenic approach,

we briefly introduce recent studies in the development of chemical probes using the fluorogenic dye-bearing TPP

group. Fluorogenic properties of the desired probe only induce the enhancement of fluorescent intensity when the

probes are targeting mitochondria; therefore, it is considered as a key feature of fluorescent technique to enhance

resolution and practicality.

During the process of energy production in mitochondria, the concentration of various ions including protons is

distributed on inner and outer membranes of mitochondria, which results in mitochondrial membrane potential 

. The integrity of MMP is highly related to mitochondrial functions and there is a lot of evidence that the

abnormality of MMP is associated with human diseases such as Parkinson’s disease, Alzheimer’s disease, and
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cancer . Therefore, fluorescent probes for detecting MMP provide a great research tool for

mitochondrial biology.

3. Peptide- or Protein-Based Mitochondria Probes

Biomaterials such as peptides or proteins are major resources for the development of imaging tools for

mitochondria. We focused on the recent approach for peptide- or protein-based strategies for mitochondrial

visualization and their therapeutic application.

Another mitochondria-targeting peptide sequence was developed to deliver protein to mitochondria ( Figure 2 ). By

in silico analysis, a novel cell-penetrating artificial mitochondria-targeting peptide (CAMP) was designed based on

the structural insight between human immunodeficiency virus (HIV-1) trans-activator of transcription (TAT) peptide

and the mitochondria-targeting sequence . The sequence of CAMP is YGRKKRRQRRR LLRAALRK_AAL (the

underscore indicates the cleavage site predicted by MitoProtII) . The fusion of CAMP with EGFP or hMT1A

allowed the delivery of these cargo proteins to mitochondria, then CAMP was efficiently cleaved by mitochondrial

metalloprotease and released cargo proteins in cellular and in vivo mouse models . These results demonstrate

the capability of mitochondria-specific delivery systems using mitochondrial targeting peptides.

Figure 2. The sequence of mitochondria-targeting peptide MPP and CAMP . Structures from references 

. (A) The sequnce of MPP; (B) The sequnce of CAMP.

Historically, the engineered fluorescent protein has enabled real-time visualization for the protein of interest with

high resolution and sensitivity. The diverse pH range of the mitochondria matrix and pH alteration induced by

various perturbations such as breaking of calcium homeostasis or mitophagy have been considered as key events

to study mitochondrial biology.

Due to the advantages of fast kinetics and high efficiency, bioorthogonal chemistry is widely used to label

biomolecules mainly using click-chemistry without any interference in native biological processes . Copper-free
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click chemistry such as iEDDA reactions using Tz and TCO disclosed the various applications to visualize

biomolecules with fluorophore-linked Tz or TCO . The incorporation of unnatural amino acids into the target

protein, followed by fluorophore labeling using bioorthogonal reactions, suggested a feasible solution for monitoring

mitochondrial protein . By reprogramming the genetic codon, mitochondrial protein MITRAC12, which is an

integral inner membrane protein, was modified by incorporation of TCO-L-lysine and subjected to iEDDA

cycloaddition with a Star580-tetrazine as a fluorescent tag . With the advantage of TCO-Tz bioorthogonal

reactions like fast reaction kinetics, efficient reaction yield, and feasibility in physiological conditions, this approach

allowed visualization of mitochondrial proteins in super-resolution imaging with a single cell level.

4. Fluorescent Nanomaterials for Mitochondria

Because of the loading capacity for various materials like drugs, fluorescent dyes, responsive units for an analyte,

or mitochondria-targeting motifs at the same time, nanomaterials are considered valuable tools for theragnostic or

dual-sensor systems for multiple analytes in mitochondria. Considering the regulation of complex biological

processes like bioenergetic functions and redox homeostasis, the development of fluorescent tools for monitoring

multiple functions that occur in mitochondria has been required in the field of mitochondria . In addition,

mitochondria contribute to cancer growth and survival, thereby they are regarded as a potential therapeutic target

for various cancers . Moreover, mitochondrial oxidative stress is a major pathological issue in

neurodegenerative diseases such as Alzheimer’s disease . Therefore, the fluorescent material for both

monitoring and regulating mitochondrial function in parallel is valuable to study mitochondria-related disease. In

this context, various types of nanomaterials have been developed for monitoring multiple functions of mitochondria

and delivery agents to cure cancer ( Figure 3 ).

Figure 3. Schematic diagram for various types of mitochondria-targeting fluorescent nanoprobes .

Figure was depicted from the concept of individual fluorescent material in references .
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To investigate multiple physiological events in mitochondria, a ratiometric DNA nanosensor for simultaneous

monitoring of both calcium and pH in mitochondria was developed . A tetrahedron DNA-based nanoprobe was

conjugated with four components including NIR emissive carbon dots bearing a calcium ligand (CD@Cal), pH-

responsive fluorescein, TPP as a mitochondria-targeting motif, and an AF660 as a reference fluorophore for

quantitative analysis . Without any interference, a tetrahedron DNA nanoprobe measured calcium and pH

simultaneously in vitro and quantified mitochondrial calcium concentration and pH in the neuron by real-time

imaging . However, self-assembled ratiometric fluorescent nanoprobes (SRFNPs) for monitoring mitochondrial

pH were reported . The preparation of the probe is based on a self-assembly mechanism by host-guest

interaction between β-cyclodextrin polymer (β-CDP) as the host backbone and adamantine as the guest molecules

. Three different components, including fluorescein, rhodamine, and TPP, were introduced to the host backbone

via conjugating with adamantane. Since fluorescein has pH-sensitive fluorescent intensity, the intensity ratio

between fluorescein and rhodamine quantitatively reported the pH of the mitochondria in a ratiometric way. In this

study, adamantane-conjugated TPP was used as a mitochondria targeting moiety . SRFNP was successfully

applied to monitor mitochondrial pH in the range pH 4.0–8.0 and low toxicity of SRFNP revealed the

biocompatibility of the probes for live cells .

A theragnostic approach for tumor targeting, imaging, and drug delivery with mitochondria-targeting nanoparticles

was reported . In this study, the author employed the AIE approach to display playing multiple roles in selective

drug delivery, anticancer activity, and mitochondria targeting, showing potential ability for theragnostic tools in

cancer therapy . A self-assembled nanoparticle with cyanostilbene and a long alkyl chain was designed for

targeting mitochondria by incorporation of a TPP moiety and revealed the accumulation in mitochondria by AIE

phenomena . Moreover, encapsulation of doxorubicin was successfully delivered to mitochondria and induced

anti-cancer activity in both cell-based and in vivo systems . Furthermore, photothermal properties of hydrophilic

nanoparticles are expected to be a theragnostic approach based on photothermal therapy and

photothermal/photoacoustic imaging . Wang et al. , reported Mito-BDP5 nanoparticles based on a purely organic

BODIPY core with a modification by TPP and an ethylene glycol chain which successfully visualized mitochondria

in HeLa cells and tumors in mice by photothermal and photoacoustic imaging with good bioavailability and

enhanced permeability and retention effects . TPP-based mitochondria-targeting graphene oxide

nanocomposites loaded with indocyanin green TPP-PPG@ICG suggested a new class of fluorescence imaging-

guided phototherapy . Due to the preferential accumulation of TPP-PPG@ICG in tumors and availability in NIR

light sources, this nanocomposite proved a therapeutic potential with enhanced photothermal efficacy and

suppressed ATP production, which led to overcoming drug resistance . Besides cancer therapy, mitochondria-

targeting nanoparticles can be used as theragnostic tools for neurodegenerative disease. Ceria nanoparticles are

known for their antioxidant activity by scavenging reactive oxygen species . Mitochondria-targeting TPP-

conjugated ceria nanoparticles were localized to mitochondria and suppressed neuronal death by regulating

reactive oxygen species of damaged mitochondria in an Alzheimer’s disease mouse model .

To improve photostability and reduce photobleaching, CdSe/ZnS-based quantum dots and iron-oxide-based

nanoprobes, which were coated with polyacrylate and covalently linked with TPP, were reported as functionalized

nanoprobes for imaging mitochondria . It was confirmed that inorganic nanoparticle quantum dot-TPPs with low
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surface charge and high colloidal stability enhanced mitochondrial targeting efficiency with low nonspecific binding

and bypass endosomal trafficking .
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