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A non-hydrolysable peptidomimetic for mitochondrial targeting 

Yeray Folgar-Cameán,a Daniel Torralba-Maldonado,b Patricia Fulias-Guzmán,a Marta Pazo,a Irene 
Maximo-Moreno,a Miriam Royo,c Ona Illab* and Javier Montenegroa* 

Peptidomimetics, molecules that mimic the activity of natural peptides with improved stability or bioavailability, have 

emerged as interesting materials with applications in biomedicine. In this study, we describe a hybrid γ,γ-peptidomimetic 

that efficiently aims at mitochondria, a key therapeutic target associated with several disorders, in living cells. Peptide 

backbones with a component of cationic and hydrophobic amino acids have been shown to preferentially target 

mitochondria due to their high negative membrane potential and hydrophobic character of the membranous invaginations 

of these key organelles. We here exploit the advantageous bioorthogonal properties of a peptidomimetic scaffold that 

consists of an alternation of (1S,3R)-3-amino-2,2-dimethylcyclobutane-1-carboxylic acid and an Nα-functionalised cis-γ-

amino-L-proline derivative. This peptidomimetic exhibited an excellent membrane translocation efficiency, mitochondrial 

targeting, and biocompatibility. The mitochondrial targeting was confirmed to be dependent on the electrochemical 

potential generated by the electron transport chain. The presence of non-natural amino acids rendered the compound 

exceptionally stable in the presence of proteases, maintaining its integrity and functionality for targeting the organelle 

even after 1 week of incubation in serum. This stability, coupled with its targeting abilities and the low 

cytosolic/endosomal residual signal, facilitated the tracking of relevant mitochondrial dynamics, including fission events 

and intracellular movement. Additionally, this peptidomimetic scaffold allowed the sustained and precise mitochondrial 

targeting of a pH sensitive ratiometric probe, 5(6)-carboxy-SNARF-1, which enabled mitochondrial pH monitoring. In 

summary, our study introduces a biomimetic peptide with exceptional mitochondria-targeting properties, ensuring 

stability in biological media and offering insights into crucial mitochondrial processes. 

Introduction 

Peptides and peptide-derived materials constitute a powerful 

chemical tool for the development of biocompatible drugs or 

selective carriers, which have found multiple applications in 

biomedicine.1–3 Their simple and modular synthesis allows for 

the straightforward modification of the sequence and the 

attachment of other bioactive compounds.2,4,5 In addition, 

some peptides possess membrane transport properties, 

making them very useful for the delivery of impermeable 

probes or bioactive cargoes into the cell.6,7 Their sequence and 

physicochemical properties endow them with selectivity 

towards specific organisms8,9 or even cell types,2,4,5 either by 

specific interaction with receptors,2,10 differential affinity to 

membrane compositions,9 or an activatable mechanism.5 

Furthermore, there are some cell penetrating peptides that 

show affinity for subcellular structures,11 providing an 

additional layer of specificity. 
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However, despite all these advantages, peptide-based 

compounds present limitations that may hinder their 

widespread application. For instance, they are prone to 

enzymatic hydrolysis and typically have short half-lives (from 

minutes to hours) in biological media.12–14 In addition, the 

flexibility of the backbone can also lead to unwanted 

interactions due to changes in the orientation of the functional 

groups.15 In the last decades, there has been an interest in 

addressing these limitations through the use of 

peptidomimetics, peptide analogues that present structural 

modifications to improve stability, bioavailability or 

selectivity.15–18 For instance, peptoids retain a peptide 

backbone but feature side chains attached to the amide 

nitrogen rather than to the α-carbon,12 while azapeptides 

replace the α-carbon by a nitrogen.19 Alternative scaffolds 

include further modifications of the backbone, such as the 

inclusion of triazole rings,12,20 the insertion of D-amino acids,21 

or even the complete substitution of the peptide backbone by 

another molecular scaffold.22 Despite key structural 

differences, peptidomimetic scaffolds are emerging as valuable 

tools in biomedical research, with applications in cancer 

treatment,23 antimicrobial drug development,24,25 protein-

protein interaction modulation,26 and tissue engineering.27,28  

The efficient targeting of intracellular structures or organelles 

constitutes a key goal for synthetic carriers, with 

peptidomimetics offering potential advantages in this regard. 

Mitochondria not only are important for energy production in 

the cell but also play a central role in a wide range of 

metabolic and signalling cellular pathways.29–32 Thus, they are 

tightly related to numerous human pathologies, including 

cancer,33 mitochondrial diabetes,34 cardiovascular diseases,35 

and neurodegenerative disorders like Alzheimer's and 

Parkinson's diseases.29,36 Recently, the mitochondrion has 

become a highly sought-after target for the treatment of these 

conditions, either by the targeted delivery of therapeutics,12 or 

by exploiting the potential of gene editing technology to 

specifically modify the mitochondrial genome.37,38 Although 

reaching this organelle can be challenging due to its complex 

structure and particular physiology,12 mitochondrion-targeted 

peptides and other related scaffolds have been developed and 

validated by different techniques.12,20,21,39–43 

Recently, a group of hybrid γ,γ-peptidomimetic amphiphiles 

has been introduced, which are easily prepared by solid phase 

peptide synthesis with the suitable building blocks.44–46 The 

combination of a rigid hydrophobic cyclobutane residue and a 

functionalised γ-amino-L-proline47 introduces conformational 

constraints in the peptide backbone that increase their 

stability and promote the formation of stable secondary 

structures, an aspect that has been associated with improved 

uptake in many cell penetrating peptides.13,44,48–51 In addition, 

the derivatisation of the Nα position of the proline with a 

guanidinium group provides a cationic charge optimal for cell 

internalisation.44,46,48,52,53 Intriguingly, some of these 

peptidomimetics have recently shown excellent 

biocompatibility with mammalian cells but also interesting 

Figure 1 Peptidomimetic structure and mitochondria targeting. (A) Structure of γ-SCC and schematic representation of cellular internalisation and mitochondrial 

targeting. (B) Confocal microscopy images of γ-SCC intracellular distribution (in red) in various cell lines. Cells were incubated with 75 µM peptide for 1 h, then samples 

were replaced, and cells were incubated in complete DMEM for 6 h. A representative cellular region is magnified in the bottom row. Nuclei were stained with Hoechst (in 

blue), and differential interference contrast (DIC) images are provided in insets. Scale bars, 20 µm (5 µm for the magnified images). See also Fig. S13. (C) Analysis of the 

peptide (25 µM, in red) colocalization with mitochondria using BioTracker 488 Green Mitochondria Dye (in green). Scale bars, 50 µm. Manders’ Overlap coefficients (M1, 

M2) and Pearson’s coefficient (Rr) were calculated from a set of 8 independent images (see Fig. S14), with the obtained values represented as box plots. Whiskers indicate 

the total range of values within each sample. M1 refers to the fraction of γ-SCC overlapping BioTracker 488 Green, and M2 the fraction of BioTracker 488 Green 

overlapping γ-SCC. 
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delivery capacity of cancer drugs (e.g. doxorubicin) into the 

protozoan parasite Leishmania sp.44 

Here we report the synthesis and characterisation of a hybrid 

tetradecameric γ,γ-peptidomimetic incorporating a 

cyclobutane-containing amino acid coupled in alternation with 

a guanidinium-functionalised γ-amino-L-proline residue and 

equipped with a ratiometric probe, γ-SCC (Fig. 1A). This 

peptide surrogate performed as an effective membrane-

penetrating probe with excellent mitochondria targeting 

capabilities. Our findings reveal that this peptidomimetic 

effectively crosses the plasma membrane by a combination of 

direct translocation and endocytic mechanisms, followed by 

selective mitochondria targeting guided by the characteristic 

membrane potential of this organelle. Noteworthy for its high 

stability, this bioorthogonal peptide resists enzymatic 

hydrolysis in the presence of proteases, enabling the 

visualisation of mitochondrial dynamic processes and the 

monitoring of the organelle pH. This study underscores the 

potential of peptidomimetic designs as new tools for 

membrane transport and mitochondrial tracking as well as 

their broad applicability in biological studies. 

Results and discussion 

Peptide synthesis and intracellular distribution 

The γ,γ-peptidomimetic tetradecameric hybrid oligomer, 

named γ-CC, is constructed as an alternation of non-natural 

hydrophobic units, specifically (1S,3R)-3-amino-

2,2-dimethylcyclobutane-1-carboxylic acid ((1S,3R)-γ-CBAA), 

and cationic domains, featuring a cis-γ-amino-L-proline unit 

functionalised with a guanidinium group connected to the Nα 

position through a five-carbon spacer (Fig. 1A). The synthesis 

of such peptide scaffold was conducted by solid phase peptide 

synthesis using a standard Fmoc/Boc strategy (see ESI). We 

fluorescently labelled the peptidomimetic at the N-terminus 

with the ratiometric 5(6)-carboxy-SNARF-1 probe (γ-SCC). The 

final γ-CC and γ-SCC peptides were purified by reverse phase 

HPLC and characterised by mass spectrometry (Fig. S11, ESI). 

We next examined the potential plasma membrane 

translocation and intracellular distribution of the fluorescently 

labelled peptide using confocal microscopy in a broad range of 

different cell lines including A549 (human lung carcinoma), 

CHO (Chinese hamster ovary cells), HeLa (human cervical 

carcinoma), HepG2 (human hepatoblastoma), and Vero 

(African green monkey kidney cells). Remarkably, in all these 

different cell lines, the peptide was efficiently internalised and 

successfully stained an elongated network throughout the 

cytoplasm, resembling mitochondria (Fig. 1B and Fig. S13, ESI). 

To confirm its localization within this organelle, colocalization 

assays were conducted with BioTracker 488 Green 

Mitochondria Dye (Fig. 1C and Fig. S14, ESI). Mander's (M1, M2) 

and Pearson's (Rr) correlation coefficients showed a very 

strong association with mitochondria (M1=0.61±0.05, 

M2=0.90±0.05; Rr=0.73±0.07, n=8 in all cases), comparable to 

the best known mitochondrial targeting peptides.21,40,43,54–59 

Colocalization with other organelles was lower than in the case 

of the mitochondria (e.g. lysosome, endoplasmic reticulum 

and nucleus, Figs. S14-S17, ESI). In addition, the accumulation 

of γ-SCC in the mitochondria could be already observed after 

just 1.5 h of incubation, with a diffuse staining of cytosol, 

nucleus and nucleolus decreasing over time (Fig. S18, ESI). 

Control experiments by incubating cells with only the SNARF 

probe, at peptide tested concentrations, confirmed low 

internalisation and a punctate cytoplasmic pattern compatible 

with endosomal entrapment (Fig. S19, ESI), which supports 

that the peptide is responsible for mitochondrial 

accumulation. Additionally, MTT assays confirmed excellent 

cell viability for the peptide carrier at the employed 

concentration regime (Fig. S20, ESI). 

Intracellular uptake studies in the presence of endocytic 

inhibitors were conducted in HeLa cells to investigate the 

γ-SCC peptidomimetic internalisation mechanism (Fig. 2A). 

Inhibitors targeting dynamin-dependent (dynasore, Dyn) and 

clathrin-mediated endocytosis (chlorpromazine, CPZ) reduced 

the total peptide uptake, indicating a partial role of endocytic 

internalisation in this process. In contrast, the inhibition of 

macropinocytosis (5-(N-ethyl-N-isopropyl)-amiloride, EIPA) had 

no impact on uptake levels. The partial contribution of energy-

dependent pathways is also shown by the reduction in the 

internalisation observed when cells were treated with 

metabolic inhibitors that deplete intracellular ATP levels 

(sodium azide and 2-deoxy-D-glucose, NaN3/DOG).60 However, 

the persistence of around half of the intracellular peptide 

signal, even in complete absence of energy-dependent 

Figure 2. Internalisation and mitochondria-targeting mechanisms. (A) Uptake 

mechanism. HeLa cells were incubated with the peptide (50 µM) in the presence 

of different cellular internalisation inhibitors (10 mM NaN3 / 10 mM 2-DOG, 80 µM 

Dyn, 30 µM CPZ, 50 µM EIPA, or K+PBS), and the uptake was quantified by flow 

cytometry. Data presented as mean and standard deviation. (B) Effect of 

mitochondrial depolarisation. HeLa cells were incubated with either 50 nM 

MitoTracker  Red CMXRos, 200 nM TMRE or 50 µM peptide, after a 5 min 

preincubation in the absence (top row) or presence of 50 µM of the protonophore 

CCCP (bottom row). Scale bars, 30 μm. See also Fig. S21 and S22, ESI.
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pathways, suggests that the γ-SCC peptidomimetic can directly 

translocate across the plasma membrane into the cytosol of 

cells. The reduction of uptake after membrane depolarisation 

induced by the use of a high potassium buffer (K+PBS) indicates 

that, as for most cationic carriers,61 the membrane potential 

across the plasma membrane drives peptide translocation into 

the cell. Altogether, these findings suggest that the peptide 

enters into living cells through the combination of an energy- 

and endocytic-dependent process and a direct cytosol 

translocation mechanism driven by the negative plasma 

membrane potential. Importantly, as reflected by the 

mitochondria labelling and the lower punctate fluorescent 

patterns observed in confocal micrographs (Fig. 1B), the γ-SCC 

peptidomimetic also showed a suitable capacity to escape 

from potential endosomal compartments that could have been 

formed after the energy dependent endocytic uptake. 

Numerous mitochondria-targeting probes, including 

tetramethylrhodamine ethyl ester (TMRE) or MitoTrackerTM 

probes, are cationic to take advantage of mitochondria’s 

negative membrane potential (150 to 180 mV, with the matrix 

being negative relative to the intermembrane space). To 

validate the role of the mitochondrial membrane potential in 

the accumulation of this peptide, we employed the 

mitochondrial uncoupler and protonophore carbonyl cyanide 

3-chlorophenylhydrazone (CCCP).62 HeLa cells were treated 

with CCCP for 5 min before staining with either the peptide, 

TMRE or MitoTrackerTM Red CMXRos. As shown in Fig. 2B, 

there was a strong reduction in mitochondrial staining for the 

three compounds upon incubation with the uncoupler. The 

observed behaviour of the control probes aligns with 

previously reported literature,63–65 suggesting that the peptide 

is electrostatically driven to mitochondria in a membrane-

potential dependent manner. Studies in the presence of 

organelle markers confirmed that, in the absence of 

mitochondrial potential, the peptide distributed throughout 

the cytosol and the nucleus, with a reduced accumulation in 

the mitochondria and an increased accumulation in the 

nucleus. Concentration of the signal in the nucleolus was also 

observed, similarly to previous observations for other 

guanidinium-rich peptides66 (Fig. 2B and Fig. S21-22, ESI).  
 
Peptide stability 

To evaluate the resistance of the peptide to enzymatic 

degradation, we examined its structural integrity after 

incubation in the presence of a peptidase, trypsin (Fig. 3A and 

Fig. S23, ESI). A non-enzymatically degradable internal 

standard (acetamidobenzoic acid, ABA) was added to the 

samples as an internal control. Two conventional peptides 

containing cationic residues, the cell-penetrating peptide R8 

and the cytotoxic peptide KLAK,67 were used as controls for 

trypsin activity. Control peptides exhibited immediate 

degradation upon enzyme addition, evidenced by the 

complete disappearance of their peaks and the emergence of 

low retention time peaks corresponding to peptide fragments 

after 5 min incubation. In contrast, γ-CC maintained its original 

peak even after 24 h of incubation with the enzyme. These 

results confirm the peptide resistance against enzymatic 

degradation. Encouraged by these findings, we next 

investigated whether the peptide maintained its bioavailability 

and structural integrity in the presence of fetal bovine serum 

(FBS). Serum contains several peptidases and proteases that 

can degrade peptides, as well as proteins that may hinder 

peptide-cell interaction.68,69 We investigated the effect of 10% 

FBS during the incubation of cells with γ-SCC. Confocal 

microscopy images revealed efficient mitochondrial 

accumulation (Fig. 3B and Fig. S24A, ESI), similar to the one 

observed under no serum conditions (Fig. 1B and Fig. S13, ESI), 

providing robust evidence of the peptide's activity in the 

presence of serum. Subsequently, the γ-SCC peptide was 

dissolved in complete DMEM (10% FBS) and subjected to a 7-

day incubation at 37 °C, after which we analysed its targeting 

performance (Fig. 3B and Fig. S24B, ESI). Remarkably, even 

after one week of incubation, the peptide conserved its 

activity and accumulated in the mitochondria. This stability is 

likely attributed to the presence of non-natural amino acids. 

Unlike conventional peptides, which often have short half-lives 

in serum due to the presence of multiple proteases, ranging 

from minutes to hours,13,14 γ-SCC displayed prolonged  
  

Figure 3. Evaluation of peptide stability against enzymatic degradation. (A) γ-CC 

and control peptides, R8 and KLAK, normalised chromatograms before (pink lines) 

and after (black dotted lines) incubation with trypsin (24 h incubation for γ-CC, 

5 min for control peptides). Pink arrows indicate intact peptide peaks; black 

arrows indicate fragmented peptides resulting from enzymatic activity. Internal 

standard ABA is present in all chromatograms and was used as a reference for 

normalisation. See also Fig. S23. (B) Peptide intracellular distribution after 

incubation with cells in the presence of 10% FBS or after preincubation of the 

peptide in complete DMEM (10% FBS) for 7 days before addition to the cells (γ-

SCC concentration: 25 µM). A representative cellular region is magnified (right). 

Differential interference contrast (DIC) images are provided in insets. Scale bars, 

50 µm (10 µm for the magnified image). See also Fig. S24.
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Figure 4. Real-time tracking of mitochondria dynamics and pH monitoring. (A) Confocal microscopy images of a mitochondria fission event over a period of 200 s, with 

images acquired at 5 s intervals. Arrows indicate several fission points in the original elongated structure. (B) Observation of mitochondria move ment over a period of 

180 s. For A and B, scale bars, 2 µm. Cells were labelled with 25 µM γ-SCC (C) The ratiometric SNARF probe exhibits a large emission spectral shift in response to pH 

variations, with a maximum emission peak at 584 nm for the acidic form (pink colour) and at 633 nm for the basic form (purple colour). To correlate the emission 

properties with pH, a calibration curve was generated by plotting the emission ratio at wavelengths of 633 and 584 nm against pH, fitting the data to a 4-parameters 

logistic model. (D) Image analysis for measuring mitochondrial pH. The images of a HeLa cell incubated with 25 µM γ-SCC at the two maxima emission, the ratio between 

them, and the calculated pH image applying the calibration curve are shown. Scale bars, 10 µm. See also Fig. S27, ESI.

resistance against enzymatic hydrolysis, presenting 

opportunities for applications that require sustained integrity 

in biological environments.  

 

Tracking mitochondria dynamics and pH 

The simple labelling protocol and the robust staining of the 

developed peptidomimetic open avenues for multiple 

applications in mitochondrial research. Two distinct 

applications have been explored, highlighting the versatility 

and utility of this novel mitochondria-targeting probe. 

Mitochondria exhibit a remarkably dynamic nature, 

continuously altering their shape and size through intricate 

fusion and fission events, while being actively transported to 

specific subcellular locations.70 These dynamic processes play 

crucial roles in mammalian development, apoptosis, and 

various diseases, underscoring the importance of real-time 

tracking methodologies.70 In this context, our labelled peptide 

enabled real-time tracking of mitochondrial dynamics within 

living cells. HeLa cells were incubated with the peptide and 

visualised over time using confocal microscopy. Mitochondrial 

images were acquired at 5 seconds intervals, forming videos 

that captured dynamic episodes, including fission events (Fig. 

4A and video S1, ESI), as well as mitochondrial movement 

throughout the cytoplasm (Fig. 4B and video S2, ESI). 

Mitochondrial dynamics studies often require frequent image 

acquisition over extended time intervals, and γ-SCC exhibited 

excellent mitochondrial residence and resistance to 

photobleaching, maintaining sustained fluorescence under 

demanding imaging conditions, with performance comparable 

to that of the most commonly used mitochondria targeting 

fluorophores (Fig. S25 and videos S3–S5, ESI). 

Mitochondrial pH is a vital parameter determining the rate of 

essential cellular functions, such as metabolism, membrane 

potential, apoptosis, and ROS production.71,72 The 

mitochondrial matrix presents a slightly basic pH, typically 

between 7.5 and 8.2, due to the pumping of protons to the 

intermembrane space.73 This value can be altered by metabolic 

stressors and other stimuli, decreasing in the presence of 

mitochondrial uncouplers,74,75 proton pump inhibitors,74 redox 
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species75,76 or starvation,74,77 and increasing in response to ATP 

synthase inhibitors such as oligomycin74,78. Temperature can 

also impact mitochondrial pH, with a pH close to 8 at 40 °C 

that decreases to about 7.3 when the temperature changes.79 

Furthermore, mitochondrial pH can also vary among different 

regions from the same cell,73,80 with some authors reporting 

the co-existence of regions with pH values of 8 with values as 

low as 4.63.77 Thus, analysing mitochondrial pH serves as a 

proxy for both mitochondrial and cellular function. The 

selected SNARF probe, acting as a dual emission system, 

exhibits a large emission spectral shift in response to pH 

variations, making it suitable for monitoring pH. Previous 

attempts to measure mitochondrial pH using SNARF required 

coincubation with mitochondria-specific dyes, such as DiOC6 or 

MitoTrackerTM Green, to compensate for the lack of inherent 

mitochondrial targeting, or a careful optimisation of the 

selective loading based on the efflux of cytosolic dye by anion 

transporters.81–83 In contrast, our system specifically targets 

this ratiometric probe to mitochondria, presenting a 

streamlined and efficient approach for consistently measuring 

mitochondrial pH. To test this, HeLa cells incubated with the 

labelled peptide were imaged at the emissions maxima of the 

acidic phenol form (584 nm), or the basic phenolate form 

(633 nm). To determine pH values at each image point, a 

calibration curve was generated with γ-SCC diluted in buffer 

and acquired under the same conditions (Fig. 4C and Fig. S26, 

ESI). Following this calibration, the ratio at each pixel of the 

cell micrographs was calculated, translating it into a pH value 

by solving the obtained 4-parameters logistic model (Fig. 4D 

and Fig. S27, ESI). Our system determined a median 

mitochondrial pH value of approximately 7.2, that is in range 

with mitochondrial pH values.73,84–86 

 

Experimental 

Synthesis and characterisation 

Non-natural amino acids, Boc-protected guanidinylated Fmoc-

protected cis-γ-amino-L-proline amino acid VI and Fmoc-

protected (1S,3R)-γ-CBAA, were synthesised as detailed in the 

supporting information. These amino acids were characterised 

by polarimetry, melting point determination, IR spectroscopy, 
1H-NMR and 13C-NMR spectroscopy and HRMS. All peptides 

were synthesised using manual Fmoc solid phase peptide 

synthesis on a Rink Amide resin. After synthesis, the peptides 

were purified by RP-HPLC and characterised by analytical 

HPLC, as well as MS. Detailed synthesis protocols and 

characterisation results are provided in the supporting 

information. 

 

Cell culture 

HeLa, A549, CHO, HepG2, and Vero cells were cultured in 

Dulbecco’s Modified Eagle’s Medium (DMEM; 4,500 mg/l 

glucose, L-glutamine, sodium pyruvate, and sodium 

bicarbonate) supplemented with 10% FBS and 1% Penicillin-

Streptomycin-Glutamine Mix (Fisher) (complete DMEM). They 

were maintained at 37 °C, 5% CO2, and 95% humidity in an 

INCO 108 incubator (Memmert). The day before an 

experiment, cells were seeded on the corresponding 96-well 

plate at a density of 100,000 cells/ml (100 µl/well). 

 

Intracellular distribution and colocalization 

To observe the intracellular distribution of the peptide in 

different cell lines, cells were incubated with γ-SCC at final 

concentrations of 25, 50, and 75 µM in DMEM (85 µl/well) for 

1 h. Afterwards, peptide was removed and cells were washed 

prior incubation in complete DMEM for 6 h. Alternatively, 

mitochondria were stained with 50 nM MitoTrackerTM Red 

CMXRos for 25 minutes. Nuclei were stained with 1 µM 

Hoechst 33342 for 20 minutes at the end of the incubation. 

For the colocalization experiments, HeLa cells were treated 

with 25 µM γ-SCC in DMEM (85 µl/well) for 1 h. Afterwards, 

cells were washed and incubated in complete DMEM for 6 h 

and, subsequently, mitochondria were stained with 100 nM 

BioTracker 488 Green Mitochondria Dye, the ER with 2 µM ER-

Tracker Blue-White DPX, lysosomes with 75 nM LysoTracker 

Green DND-26 or nuclei with 1 µM Hoechst for 20 min. 

In all cases, imaging was performed using Fusion software 

(Andor) with a Dragonfly spinning disk confocal microscope 

mounted on a Nikon Eclipse Ti-E, equipped with an Andor Sona 

sCMOS digital camera. Hoechst was excited with the 405 nm 

laser and the emission was recorded at 450/50 nm; for γ-SCC 

and MitoTrackerTM Red CMXRos, an excitation of 561 nm and 

emission of 620/60 nm were used; BioTracker 488 Green and 

LysoTracker Green DND-26 were excited at 488 nm and the 

emission was collected at 525/50 nm; Hoechst was excited at 

405 nm and the emission collected at 450/50 nm; ER-tracker 

was excited at 405 nm and the emission was collected at 

525/50 nm. Images were processed with ImageJ v1.52b.87 

Colocalization coefficients were calculated to assess the 

degree of colocalization between γ-SCC and the organelles. 

These colocalization parameters were calculated from several 

representative images (Fig. S14-15, ESI) with ImageJ using the 

plugin BIOP JACoP.87–89 

 

Internalisation and targeting mechanisms 

To investigate the internalisation mechanism of the peptide, 

HeLa cells were pre-treated with K+PBS (140 mM KCl, 30 mM 

Na2HPO4, 1.76 mM KH2PO4, 1 mM CaCl2, 0.5 mM MgCl2, 

pH 7.4) or, alternatively, with endocytic inhibitors, including a 

mixture of sodium azide and 2-deoxy-D-glucose (10 mM each, 

in HKR), dynasore (80 µM), EIPA (50 µM), and chlorpromazine 

(30 µM), for 30 min in DMEM unless otherwise specified. Then, 

γ-SCC (50 µM) was added in the presence of the same 

inhibitors for 1 h. Cells were subsequently washed with PBS, 

trypsinised, and trypsin was neutralised with PBS containing 

2% FBS and 5 mM EDTA. SNARF fluorescence was measured on 

a Guava easyCyte BG HT flow cytometer, exciting with a green 

laser (532 nm) and collecting the emission at 620/52 nm 

(Orange-G channel). Data was analysed using InCyte v. 3.2 

(GuavaSoft, Millipore). Cells with typical FSC/SSC values were 
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selected and the median fluorescence intensity was extracted 

for each sample. Values were normalised to the uptake of the 

γ-SCC control (100%) after blank subtraction (untreated cells). 

To study the mitochondria targeting mechanism, HeLa cells 

were pre-treated with 50 µM CCCP for 5 min to ensure 

mitochondrial membrane potential depolarisation. Afterwards, 

this solution was replaced by γ-SCC (50 µM), TMRE (200 nM) 

or MitoTrackerTM Red CMXRos (50 nM) diluted in DMEM 

containing 50 µM CCCP (50 µl/well) and incubated for 1 h in 

the case of the peptide and 25 min in the case of the control 

probes. Cells were immediately imaged using confocal 

microscopy.  

 

Peptide stability 

The resistance of γ-CC to enzymatic hydrolysis was evaluated 

by incubating the peptide in the presence of the protease 

trypsin. As controls, two cationic peptides, R8 and KLAK, were 

tested parallelly. The peptides γ-CC (50 μM), R8 (500 μM), and 

KLAK (100 μM) were dissolved in PBS containing 100 μM 4-

acetamidobenzoic acid (ABA), an internal standard not 

degradable by trypsin and, before adding the protease, 

peptides were analysed by RP-HPLC. Trypsin was then added 

to the peptide solutions at a concentration ratio of 50:1 

(peptide:enzyme). Following 5 min of incubation, the control 

peptides R8 and KLAK were again analysed by RP-HPLC, while 

γ-CC was analysed after 24 h of incubation. Absorbance data at 

220 nm were normalised to the maximum intensity value of 

the ABA peak for plotting. 

Additionally, to assess the activity and stability of γ-SCC in the 

presence of fetal bovine serum (FBS), γ-SCC was diluted 

(25 µM) in complete DMEM containing 10% FBS. Then, HeLa 

cells were incubated with the peptide solution for 1 h. In 

parallel, an aliquot of γ-SCC was stored in complete DMEM for 

7 days at 37 °C before being added to the cells under the same 

conditions. After incubation, cells were washed and incubated 

in complete DMEM for an additional 6 h before imaging by 

confocal microscopy.  

 

Measuring mitochondrial pH 

For the calibration curve, γ-SCC was dissolved at 50 µM in a 

buffer (10 mM MES, 10 mM HEPES, 20 mM glucose, 1 mM 

CaCl2, 1 mM MgCl2, 135 mM KCl, 20 mM NaCl) adjusted to pH 

values from 4.6 to 9.5. Samples were imaged using a Leica 

Stellaris 8 FALCON confocal microscope (λex = 561 nm; 

λem = 584/30 nm and 633/30 nm). Six z-plane images were 

acquired per pH and the pixel intensity ratio of 633 nm to 

584 nm was calculated for each plane, averaged per pH, and 

plotted using GraphPad Prism 6 to create a calibration curve. 

Then, HeLa cells were incubated with 25 µM γ-SCC in DMEM 

(85 µl/well) for 1 h. After washing and 6 h of incubation in 

complete DMEM, cells were imaged using a Leica Stellaris 8 

FALCON confocal microscope. Images were processed with 

ImageJ v1.52b,87 dividing the 633 nm by 584 nm images to 

create ratio images, which were converted to pH values using 

the calibration curve. A mask created with the default 

threshold was applied to the resulting pH images to exclude 

the values in the background regions, and the median 

mitochondrial pH was calculated from the image intensities. 

Conclusions 

Mitochondria-targeting carriers typically contain sequences 

with both cationic (e.g., arginine, lysine) and hydrophobic (e.g., 

phenylalanine, cyclohexylalanine) residues.40 The cationic 

residues aid to direct the peptide to the negatively charged 

mitochondria, while the hydrophobic residues facilitate its 

transport across mitochondrial hydrophobic membranes.41,90 

The amphiphilic peptidomimetic γ-SCC, characterised by a 

non-canonical hybrid peptide backbone, has proven to be a 

promising and biocompatible candidate for targeted 

mitochondrial applications. The amphiphilic design, that 

incorporates alternating hydrophobic and cationic domains, 

has demonstrated a robust synergy between its structure and 

functionality, with a behaviour similar to other mitochondrial 

targeted peptides40 despite the differences in the peptide 

backbone structure. Notably, the integration of non-natural 

amino acids has provided the peptide with remarkable 

stability. This is evidenced by its resistance to enzymatic 

degradation and bioavailability in the presence of trypsin or 

serum, showcasing its potential for extended applications. The 

mechanism of internalisation involves an energy-dependent 

endocytic pathway and direct translocation, eventually 

accumulating within mitochondria due to their characteristic 

membrane potential. Exploring the versatility of our system, 

preliminary applications for real-time tracking of mitochondrial 

dynamics and pH monitoring have shown promising results. 

These applications highlight the potential of our system in 

advancing mitochondrial research methodologies. In the 

broader context, this study remarks the biocompatibility and 

stability of γ,γ-peptidomimetics, and their potential to 

overcome the inherent limitations associated to conventional 

peptides. By combining the principles of biomimicry and 

rational design, γ,γ-peptidomimetics offer a powerful 

approach for developing innovative therapeutics and 

molecular tools capable of addressing challenging biological 

targets and diseases. 
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