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 Introduction 

Complexity and variability of bio-systems are encoded elements of natural processes 

that govern their functionality and adaptability. Drug delivery nanosystems that are 

characterized as biomimetics should be designed following the natural concept of 

complexity and variability [1]. Initial conditions, including biomaterial concentration 

in lyotropic biosystems and their dynamics, give birth to complexity, which in turn 

leads to non-linearity and stochasticity. Non-linearity itself is the cause of chaos and 

self-organization/assembly, the most typical example being the cell membrane and its 

artificial models, e.g. liposomes. Morphogenesis of deviant structures has been 

repeatedly linked to concentration and molar ratio of molecules in a binary or of 

higher complexity nanosystem [2]. Herein, we attempt to evaluate the observed linear 

thermodynamic behavior in certain ranges of thermoresponsive chimeric biomimetic 

lyotropic self-assembled nanosystems, which could be utilized to predict the 

biofunctionality of drug delivery nanosystems. A similar approach has been proposed 

in a previous study, regarding pH-responsive chimeric nanosystems [3]. 

 Materials and Methods 

The saturated phospholipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was 

purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA) (Figure 1A). The 

thermoresponsive ampliphilic diblock copolymers poly(N-isopropylacrylamide)-b-

poly(lauryl acrylate) (PNIPAM-b-PLMA) 1/2 (50-50/66-34 molar compositions and 

6,500/18,000 molecular weights) were synthesized through RAFT polymerization 

(Figure 1B). Pure lipid and chimeric bilayers were prepared by mixing the 

appropriate amounts of DPPC:PNIPAM-b-PLMA 1/2 (9:0.02, 9:0.05, 9:0.1, 9:0.2, 

9:0.5 and 9:1 molar ratios) in chloroform solutions and subsequently evaporating the 

solvents. Those were fully hydrated with phosphate buffer saline (PBS, pH = 7.4) and 

subjected to differential scanning calorimetry (DSC), by utilization of a DSC822e 

Mettler-Toledo (Schwerzenbach, Switzerland) calorimeter, calibrated with pure 

indium (Tm = 156.6°C). Two heating-cooling cycles and a heating scan were 

performed, in order to ensure good reproducibility of the data. 
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Figure 1: Molecular structures of A) DPPC and B) PNIPAM-b-PLA. 

 Results and Discussion 

The DSC heating scans of DPPC:PNIPAM-b-PLMA 1/2 in various molar 

concentrations are presented in Figure 2. The most obvious phenomenon is that, in 

both cases, by increasing the polymer content inside the phospholipid bilayers, the 

main transition during the 1st heating process is shifted to higher temperatures, in a 

concentration-dependent way. This observation on a complex lyotropic liquid 

crystalline system is important for two reasons. First, the thermoresponsiveness of the 

constructed chimeric nanosystems is a dynamic and irreversible behavior and occurs 

at a temperature value that is determined by the polymer-membrane interactions. 

Second, the incorporation of the polymers inside the bilayer creates a phase that is 

organized in a way that is defined by the polymer intramembrane conformation, 

which changes as the polymer chains become overcrowded and defines the 

information/entropy balance of the system [4]. However, the dynamics of the creation 

of such phases should be unpredictable in a complex system that leads to 

morphologies, behaviors and kinetics that are non-predictable and always based on 

the probabilities arising from the various interactions. In this case, it is evident that 

certain thermodynamic parameters can be predicted based on the polymer 

concentration, something that has been considered as highly unlikely for lyotropic 

systems. 

 

Figure 2: DSC heating scans of a) DPPC, DPPC:PNIPAM-b-PLA 1/2 b) 0.02 c) 0.05 

d) 0.1 e) 0.2 f) 0.5 g) 1 and h) PNIPAM-b-PLA 1. 

Concerning the systems containing PNIPAM-b-PLA 1, we observed that there is a 

polymer concentration range in which the alteration of the thermodynamic parameters 

exhibits a linear trend, found through regression analysis between the system polymer 

content and each parameter separately. Specifically, in the range between 0.1 and 1 

polymer molar ratios, the 1st cycle transition temperature Tm increases in a slightly 
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linear way (R2 = 0.9188), the 1st cycle transition enthalpy ΔHm decreases linearly (R2 

= 0.9973), which also applies to the 2nd cycle ΔHm (R2 = 0.9972). This fact indicates 

that certain thermodynamic phenomena in complex systems, such as artificial 

membranes with more than one components, are governed by linearity, at least in 

certain ranges, which might also apply on biological membranes. The transition 

enthalpy of the bilayers incorporating PNIPAM-b-PLA 2 also presented a linear 

dependence on the concentration of the polymer in the aforementioned range, for both 

the 1st (R2 = 0.9352) and 2nd cycle (R2 = 0.9069). Linear behavior in certain ranges of 

complex systems that are highly and variably affected by the initial conditions, e.g. 

concentration, potentiates that the information/entropy balance is constant or 

constantly altered, representing the system characteristics and determining the system 

process kinetics, such as aggregation, stability and drug release. Previous works have 

shown that factors like the shape and morphology of nanosystems affect these 

properties in similar ways [5]. 

 Conclusions 

Initial conditions of a complex system, such as concentration of biomolecules, create 

variability and through non-linear processes, lead to self-assembly of morphologies 

that are chaotically or stochastically determined. The discovery of functions, linear or 

other, that connect the initial conditions with the outcome of self-assembly or with 

behaviors that occur after that, despite all the intermediate dynamic processes, could 

be the next step in controlling the functional properties of such systems, including 

bio-functionality and biological stability. Prediction over probability of traits of drug 

delivery nanosystems, like stability and drug release kinetics, is the next step towards 

the development of quality new products, as well as towards the determination of 

specifications required by the regulatory authorities for building nanosimilars. 
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