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The development of drug carriers from sustainable, environmentally friendly materials represents a significant milestone in modern biotechnology. To address this need, monocultures of the marine microalga Dunaliella tertiolecta serve as the starting cell matrix. When exposed to hypoosmotic stress, these cells undergo osmotic disruption and release their native membrane fragments. These fragments spontaneously self-assemble into a unique, puzzle-like structure of reconstructed vesicles that can function as drug carriers [1,2].
Although these vesicles are composed of a complex organic mixture, their characterization remains a significant challenge. Standard analytical approaches are insufficient to resolve their intricate behavior at interfaces. To overcome these limitations, we combine sub-millisecond temporal resolution with nanometer-scale structural data by integrating real-time amperometric current transient analysis with quantitative Bio-AFM force spectroscopy. The monitored amperometric signal of vesicle adhesion indicates the formation of the final film state at the electrode. To decode this interaction, a three-step reaction kinetics model reconstructs and quantifies each individual state of the adhesion process [3]. This mathematical approach enables the association of these states with specific features of the amperometric signal, ultimately providing a direct measure of overall membrane fluidity. To expand on these dynamic insights, Bio-AFM force spectroscopy demonstrates that the vesicles are extremely soft (Young’s modulus less than 1 kPa) and exhibit a hydrophilic nature with a non-uniform distribution of nanopores [1,2]. Combining these complementary techniques extends our understanding, showing that while amperometry captures the dynamic footprint of membrane adhesion at electrified interfaces, Bio-AFM defines the structural features driving these phenomena near physiological conditions.
Functionality assays confirm that both a macrocyclic glycopeptide and a short oligonucleotide can bind to the vesicle interface via non-covalent interactions, opening avenues for the development of next-generation sustainable carriers for biomedical applications.
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The development of drug delivery systems using renewable and environmentally friendly materials is an important part of biotechnology. To address this, we examine bioinspired vesicles reconstructed from the wall-free marine microalga Dunaliella tertiolecta via hypoosmotic stress. Optimizing these platforms requires a clear understanding of how soft vesicle membranes interact with charged biological surfaces, bridging real-time electrochemical kinetics with spatial nanomechanical structures.  Our dynamic baseline relies on the methodology validated in Ivosevic DeNardis et al. (Electrochimica Acta, 2015). Using highly sensitive amperometry at a dropping mercury electrode, we capture transient current signals generated during the millisecond-scale adhesion, deformation, and rupture of isolated vesicles. Applying a multi-step reaction kinetics model allows us to decouple these rapid states and extract specific time constants ($\tau_0, \tau_1, \tau_2$) that reflect membrane fluidity and structural disruption under electrical stress.  To understand how these quick electrochemical insights translate into physical space, we connect them with quantitative Atomic Force Microscopy (Bio-AFM), expanding on findings from Levak et al. (Bioelectrochemistry, 2023). While amperometric transients show the rate and mechanism of membrane disruption, Bio-AFM force spectroscopy reveals that these vesicles are highly soft (Young’s modulus $< 1$ kPa) and possess hydrophilic surface profiles with a non-uniform distribution of nano-pores up to 10 nm.  Crucially, these vesicles are non-cytotoxic, non-immunogenic, and biocompatible. Their membranes contain carotenoids with significant antioxidant activity, free chlorophyll degradation products, a balanced fatty acid profile, and a high protein-to-lipid ratio. Confocal imaging confirms that this structural organization enables successful non-covalent binding and transport of macrocyclic glycopeptides and oligonucleotides. Furthermore, hydrated, lyophilized material spontaneously and reversibly reassembles into vesicles, guaranteeing long-term matrix stability for future pharmaceutical applications.





Designing sustainable, bioinspired drug carriers depends on a clear understanding of how soft vesicle membranes interact with charged biological surfaces. This study introduces the biophysical framework, which connects the real-time kinetic modeling of vesicles with their physical nanomechanical structures. By combining these approaches, we aim to optimize next-generation cargo carriers derived from the wall-free marine microalga Dunaliella tertiolecta.  Our dynamic baseline relies on the electrochemical methodology validated in Ivosevic DeNardis et al. (Electrochimica Acta, 2015). Using highly sensitive amperometry at a dropping mercury electrode, we capture transient current signals generated during the millisecond-scale adhesion, deformation, and rupture of isolated vesicles. Applying a multi-step reaction kinetics model allows us to decouple these rapid, overlapping states and extract specific time constants ($\tau_0, \tau_1, \tau_2$). These constants provide a direct look into the rates of membrane fluidity and structural disruption under electrical stress.  To understand how these quick electrochemical insights translate into functional drug transport, we connect them with quantitative Atomic Force Microscopy (Bio-AFM) and Confocal Laser Scanning Microscopy, expanding on the work by Levak et al. (Bioelectrochemistry, 2023). While the amperometric transients show us the rate and mechanism of membrane rupture, Bio-AFM force spectroscopy explains the physical state of the vesicle by revealing its exact spatial properties. Our measurements show that these vesicles are highly soft (Young’s modulus $< 1$ kPa), possess hydrophilic surface profiles, and feature a non-uniform distribution of pore-like structures up to 10 nm.  Correlating the sub-millisecond current transient metrics with AFM elasticity data allows us to decode how changes in the parent cell's biochemical composition—controlled through growth conditions—directly dictate the final vesicle permeability and cargo retention. Functional validation confirmed that these tailored, non-cytotoxic carriers support size-selective transport. They enable the spontaneous permeation of calcein and the selective binding of glycopeptide antibiotics via specific membrane interactions.  Conclusively, integrating classical electrochemical mechanics with advanced nanomechanical profiling offers a complete, unbiased view of soft interfaces. This approach transforms fundamental membrane biophysics into a predictable bio-manufacturing platform for targeted and safe drug delivery systems.  Conclusively, combining electrochemical dynamics with advanced nanomechanical profiling transforms fundamental membrane biophysics into a predictable, safe, and stable bio-manufacturing platform for targeted drug delivery. 
DOCX+ 3


Acknowledgment 
Funded by the European Union–National Recovery and Resilience Plan, NextGenerationEU (KP3-26).

References
[1] Ivošević DeNardis, Nadica*; Pečar Ilić, Jadranka; Ružić, Ivica; Pletikapić, Galja, Cell adhesion and spreading at a charged interface: Insight into the mechanism using surface techniques and mathematical modelling.  Electrochimica acta, 176 (2015) 743-754. https://doi.org/10.1016/j.electacta.2015.07.068
[2] Levak Zorinc, Maja; Demir-Yilmaz, Irem; Formosa- Dague, Cecile; Vrana, Ivna; Gašparović, Blaženka; Horvat, Lucija; Butorac, Ana; Frkanec, Ruža; Ivošević DeNardis, Nadica, Reconstructed membrane vesicles from the microalga Dunaliella as a potential drug delivery system, Bioelectrochemistry, 150 (2023), 108360. https://doi.org/10.1016/j.bioelechem.2022.108360 
[3] Ivošević DeNardis, Nadica; Pletikapić, Galja; Frkanec, Ruža; Horvat, Lucija; Vernier, P. Thomas From algal cells to autofluorescent ghost plasma membrane vesicles.  Bioelectrochemistry 134 (2020) 105724. https://doi.org/10.1016/j.bioelechem.2020.107524










image1.png




image10.png





Tailoring Sustainable Algae - Derived Drug Carriers:    What Electrochemistry and Bio - AFM Reveal     N. Ivo š evi ć   DeNardis 1 ,   M. Levak  Zorinc 1 ,  J. Pečar - Ilić 1 ,  J . Zem ł a 2 , M. Lekka 2 ,    I. Vrana 1 , B. Ga š parović 1 , L. Horvat 1 , R. Frkanec 3     1 Ru đe r Boškovi ć   Institute, Zagreb, Croatia,  2 Institute of Nuclear Physics Polish Academy of Sciences ,  Kraków, Poland ,  3 Centre for Research and Knowledge Transfer in Biotechnology, University of Zagreb,  Zagreb,  Croatia   ivosevic@irb.hr     The development of drug carriers from sustainable, environmentally friendly  materials represents  a significant milestone in modern biotechnology. To address this need, monocultures of the marine  microalga  Dunaliella tertiolecta   serve   as the starting cell matrix. When exposed to hypoosmotic stress,  these cells undergo osmotic disruption and release their native membrane fragments. These fragments  spontaneously self - assemble into a unique, puzzle - like structure of reconstructed vesicles   that can function  as drug carriers   [ 1,2 ] .   Although these vesicles are composed of a complex organic mixture, their characterization  remains a significant challenge. Standard analytical approaches are insufficient to resolve their intricate  behavior at interfaces. To overcome these limitations, we  combine sub - millisecond temporal resolution  with nanometer - scale structural data by integrating real - time amperometric current transient analysis with  quantitative Bio - AFM force spectroscopy.  The monitored amperometric signal of vesicle adhesion  indicates the formation of the final film state at the electrode. To decode this interaction, a three - step  reaction kinetics model reconstructs and quantifies each individual state of the adhesion proce ss   [3].   This  mathematical approach enables the association of these states with specific features of the amperometric  signal, ultimately providing a direct measure of overall membrane fluidity.   To expand on these dynamic  insights, Bio - AFM force spectroscopy  demonstrates that the vesicles are extremely soft (Young’s modulus  less than 1 kPa) and exhibit a hydrophilic nature with a non - uniform distribution of nanopores   [1,2].  Combining these complementary techniques extends our understanding,  showing   that while amperometry  captures the dynamic footprint of membrane adhesion at electrified interfaces, Bio - AFM defines the  structural features driving these phenomena near physiological conditions.   Functionality assays confirm that both a macrocyclic glycopeptide and a short oligonucleotide can  bind to the vesicle interface via non - covalent interactions, opening avenues for the development of next - generation sustainable carriers for biomedical applic ations .       R eferences   1.   Ivošević DeNardis, Nadica ; Pletikapić, Galja; Frkanec, Ruža; Horvat, Lucija; Vernier, P. Thomas From  algal cells to autofluorescent ghost plasma membrane vesicles.  Bioelectrochemistry 134 (2020) 105724.   https://doi.org/10.1016/j.bioelechem.2020.107524   2.   Levak Zorinc, Maja; Demir - Yilmaz, Irem; Formosa -   Dague, Cecile; Vrana, Ivna; Gašparović, Blaženka;  Horvat, Lucija; Butorac, Ana; Frkanec, Ruža;  Ivošević DeNardis, Nadica ,   Reconstructed membrane  vesicles from the microalga Dunaliella as a potential drug delivery system ,   Bioelectrochemistry,   150  (2023),  108360.  https://doi.org/10.1016/j.bioelechem.2022.108360   3.   Ivošević DeNardis, Nadica ; Pečar Ilić, Jadranka; Ružić, Ivica; Pletikapić, Galja, Cell adhesion and  spreading at a charged interface: Insight into the mechanism using surface techniques and mathematical  modelling.  Electrochimica acta, 176 (2015) 743 - 754.   https://doi.org/10.1016/j.electacta.2015.07.068       Acknowledgments   This research was conducted with financial support from the Croatian Science Foundation (IP - 2018 - 01 - 5840). Conference participation was supported by the National Recovery and Resilience Plan,  NextGenerationEU, and   project  KP3 - 26   funded by RBI .   .    

