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5.1 Introduction 

Compartmentalization is one of the characteristics that, at a higher or lower degree of 

complexity, all living organisms share. Living systems are constituted by biologically 

incompatible chemistries or processes that need to be isolated by membranes: at cellular 

level, lipid membranes separate the cytoplasm from the surroundings.
1
 Yet for cells to 

survive, it is essential to sense and respond to changes in the environment via input, 

output and processing components which are often proteins built from simple modular 

structures.
2,3

 Moreover, cell-cell communication is critical to interactive communities such 

as most bacteria species.
4-6

 Through molecular engineering, scientists have developed 

excellent examples of in-vivo signaling circuits like autoregulatory systems,
7,8

 oscillators
9
 

or toggle switches
10-12

 with the aim of programming new cell behaviors. Nonetheless, 

interactions between synthetic communication components and the chemical compounds 

in the hosts make it difficult to design and study new signaling systems.
13

 Therefore, 

further research on signaling strategies at molecular level using uncomplicated chemical 

environments is needed.
14

 From our work with complex systems
15-18

 we learnt that 

dynamic combinatorial chemistry (DCC) is a powerful tool for preparing networks of 

interconverting chemical species starting from simple building blocks. Making use of the 

possibilities of DCC to yield combinatorial outputs responsive to environmental changes, 

we engineered in-vitro systems of separated molecular arrangements capable of 

communicating. The setups were conceived as simple bidirectional communication 

modules where signaling properties would be under control and therefore easy to study. 

Hydrazone and disulfide based DCLs were used to prepare such systems. Initial 

experiments aimed to achieve intercommunication between liposomes via hydrazone 

exchange were also performed. 

 

5.2 Hydrazone-based libraries 

Triphasic systems were designed to mimic the alternated aqueous-organic-aqueous 

nature of the environment when travelling from the cytoplasm via the cell membrane to 

the extracellular space which contained two aqueous phases (semi-system a, semi-system 

b) separated by an organic phase. In each of the aqueous phases, a combination of 
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hydrazones formed by condensation of hydrazides with aldehydes was prepared as a 

representation of the intra-/extracellular chemical composition. The communication 

between aqueous phases was achieved by the transfer through the organic phase of the 

aldehydes that were formed by partial hydrolysis of the initial hydrazones. These 

aldehydes, which behaved as signals, travelled through the organic phase and interacted 

with the hydrazones present in the opposite semi-systems to induce a reequilibration of 

the hydrazone composition. The permanent charge existing on the hydrazide moieties 

prevented either the hydrazides or the corresponding hydrazones from diffusing across 

the apolar organic phase, allowing each of the two semi-systems to conserve their own 

identity defined by the hydrazide moiety present in them. When both semi-systems were 

connected, their composition slowly shifted until the hydrazone ratio in both aqueous 

phases reached a constant value, meaning that a thermodynamic equilibration of the two 

aqueous semi-systems had been achieved even when the different hydrazones were not 

in direct contact. These types of dynamic networks able to reach equilibration through a 

selective barrier are completely new and complementary to the already known one-

phase
19

 or even two-phase
20-22

 combinatorial libraries where only one aqueous bulk 

containing all the hydrophilic species is present. They are also related to some of the few 

examples found on molecular transport through an organic phase in dynamic 

combinatorial chemistry.
23-25

  

To test whether this idea of communication between separated systems was feasible 

using DCC, a first experiment was conceived. Two different hydrazones AY and BZ were 

placed in semi-system 1a and 1b respectively (Figure 5.1, system 1). The hydrazones were 

prepared by mixing the corresponding hydrazides and aldehydes in formate buffer pH 4.0 

to catalyze hydrazone exchange, and letting the mixtures reach a constant hydrazone 

concentration (24 hours). Both semi-systems were then connected by an organic solvent 

and their composition was monitored by HPLC for over a month (for the setup, see Figure 

5.13 in the experimental section). During this period a re-equilibration of the composition 

of the two aqueous phases was observed. The entrance into semi-system 1a of aldehyde Z 

originally only present in semi-system 1b, led to the formation of the new hydrazone AZ 

by condensation of Z with A, which was provided by native hydrazone AY. It is important 

to remember that the reaction of hydrazone formation from a hydrazide and an aldehyde 
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is an equilibrium process. Therefore there is always a small amount of free aldehyde and 

hydrazide in solution, especially in aqueous media. As a consequence of the formation of 

AZ, aldehyde Y was released (displaced by Z) so its concentration in semi-system 1a 

increased accordingly. This step of aldehyde exchange can be regarded as the conversion 

of an input Z into an output Y. Aldehyde Y diffused consequently through the organic 

phase and reached semi-system 1b where it generated the new hydrazone BY by reaction 

with hydrazide B that is in equilibrium with hydrazone BZ. In this way, more aldehyde Z 

was released and the re-equilibration of the molecular network continued until the energy 

of the system reached a new minimum described by the final concentration balance of the 

four hydrazones as shown in Figure 5.2 (continuous lines).  

 

 

Figure 5.1 Schematic representation of the initial and final state of two initially different systems constituted by 

two aqueous hydrazone libraries connected through an organic solvent. 

 

In a similar way, a system containing separated hydrazones AZ and BY (Figure 5.1, system 

2) as starting compounds was prepared. The composition of its two semi-systems was 

monitored over time (Figure 5.2, dashed lines) and compared to system 1. The data shows 

that the concentrations of each of the four possible combinatorial compounds (AY, AZ, BY, 
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BZ) in the two different systems 1 and 2, when set up at different initial composition ratios 

(but keeping the concentration of the individual building blocks A, B, Y, Z constant), finally 

arrived to a common value. The decrease of the concentration of the initial hydrazones AY 

and BZ and the corresponding increase of AZ and BY in system 1 matched the increase of 

AY and BZ alongside with the decrease of AZ and BY in system 2 in such a way that the 

final composition of both systems was comparable. This thermodynamic equilibrium was 

reached after 5 weeks.  

Figure 5.2 Composition shift of the hydrazones made from A (top) and the hydrazones made from B (bottom) 

expressed as percentage of total peak area of the chromatogram. The concentration of the initially present 

hydrazones in each semi-system decreased until a stable value was reached. Similarly, the concentration of the 

newly formed hydrazones rose to a stable value. The final concentration of all the hydrazones at equilibrium 

matched well for the two systems. Conditions: system 1, [AY]o = [BZ]o = 7.50 mM, system 2, [AZ]o = [BY]o = 7.50 

mM . Aqueous phase: ammonium formate buffer 100 mM, pH 4.0; organic phase: EtOAc. See Figure 5.14 and 

Figure 5.15 for LC-MS analysis. 

 

To rule out any background signal it was important to quantify the intensity of the signal in 

absence of key communication elements, for example measuring the amount of species 
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crossing the organic phase when no hydrazones were present in one of the chambers. A 

blank experiment where hydrazone BZ was present in semi-system 1b but no hydrazone 

was present in semi-system 1a revealed that the transfer of aldehyde Z to the adjacent 

semi-system was negligible when no hydrazone was present in one of the compartments. 

As seen in Figure 5.3, the concentration of BZ in semi-system 1b remained stable with 

time. Less than 1% of aldehyde Z was found in 1a after more than 1 month. 

 

Figure 5.3 Variation of the composition of hydrazone BZ in the compartment initially containing BZ (continuous 

line) and the one initially empty (dashed line) expressed as percentage of total peak area of the chromatogram. 

Hydrazide B (7.50 mM) was added on day 39. The redistribution of aldehyde Z in the two compartments was 

complete within 12 days. [BZ] = 7.50 mM in ammonium formate buffer 100 mM, pH 4.0. 

 

However, subsequent addition of hydrazide B to the empty semi-system triggered the 

redistribution of the aldehyde in both semi-systems and after 12 days a stable 

composition was reached. The presence of B drove the equilibrium to the formation of BZ, 

causing the signal transmission. 

To further demonstrate the responsiveness of the setup, a system similar to the previous 

one but containing different hydrazones BW and BZ (Figure 5.4) was built. Initially, the 

new system was set to have the same ratio of BW and BZ in both semi-systems. Next, the 

system was perturbed by increasing the concentration of the hydrazide B in compartment 
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1a to a concentration two times higher than the initial one. The system answered by 

increasing the concentration of the hydrazones BW and BZ of semi-system 1a where B 

was added and as a result, the concentration of the hydrazones in the opposite 

compartment (semi-system 1b) decreased because of loss of W and Z. The system 

responded to this reduction in aldehydes by transferring more of them from 1b to 1a 

through the organic bulk. This effect produced a parallel decrease of the hydrazone 

reservoir and a subsequent increase of hydrazide concentration in 1b.  

 

Figure 5.4 Initial state of an equilibrated hydrazone DCL of BZ and BW (top). After adding of B to semi-system 1a, 

it reacted with the free Z and W to increase the concentration of hydrazones BZ and BW. The addition of B also 

affected semi-system 1b which decreased its hydrazone concentration to release Z and W, that passed through 

the organic barrier, while molecule B remained in 1b. Conditions: [BW]o = [BZ]o = 7.50 mM = Badded in ammonium 

formate buffer (100 mM pH 4.0). See Figure 5.16 for LC-MS analysis. 

 

The results show how a perturbation of one side of the molecular network led to a 

response of the other side which was in equilibrium with the first one through a 

connection that allows only a partial (but selective) molecular exchange.  

A typical cellular communication system comprises a sensor (which converts a biological 

signal into an input) a regulator (which converts an input into an output) and an output 

interface (which converts an output into a biological response) (Figure 5.5). By using 

hydrazone exchange, a simplified version of this system has been created. The sensor, the 
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regulator and the output interface are now part of the same module: the hydrazone. The 

input-to-output response transduction is now defined by the equilibrium constants of the 

hydrazones involved in the exchange. 

 

 

Figure 5.5 Representation of a communication system and its hydrazone-based adaptation.  

 

The chemical networks shown in this work can be regarded as a simplified version of the 

communication by chemical transport that takes place in living organisms. For example, 

hormones that regulate functions in an organism, can cross the cell membrane and bind to 

specific receptors, releasing chemicals able to trigger important biological actions within 

the organism (Figure 5.6). Similar to the systems shown in this chapter, the concentration 

of these hormones is proportional to the effect that they produce when they cross the 

membrane. The secretion of hormones is normally regulated by a negative feedback until 

the proper equilibrium in the concentration is reached. In our systems, this equilibrium is 

defined by the minimum value of ∆G for the combined phases. There is therefore an 

important difference between our network and most communication processes in biology. 

While the former is under thermodynamic control, the latter are under kinetic control.  
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Figure 5.6 Cortisol hormone enters the cytoplasm and nucleus of a cell to bind DNA and increase the synthesis of 

RNA and specific proteins. The higher the cortisol concentration is, the larger is the amount of specific proteins 

synthesized.  

 

5.3 Hybrid hydrazone- and disulfide-based libraries 

Our group
26

 and others
27

 have previously developed systems that combine two different 

reversible exchange processes which could be alternately switched on by changing the pH 

value of the solution. Going one step further from the hydrazone based communication 

systems, we also designed a responsive chemical network featuring communication 

between orthogonal libraries which are simultaneously operative in two chambers at 

different pH values. Each of the libraries requires a specific pH range in order to be active; 

while hydrazone exchange needs acidic pH, disulfide libraries perform best at pH values 

above 7. This system prevents the mixing of both aqueous solutions maintaining the pH of 

each semi-system stable while allowing some specific molecules to travel through the 

whole system. The pH of both phases was confirmed to be stable for a period of over 2 

months. The Gibbs energy of the system should decrease as molecular exchange takes 

place until a minimum is reached. At this point, the equilibrium of the system is reached 

and the composition of each of the aqueous phases remains constant. 

In a similar triphasic system as previously described, semi-system 1a was kept at pH 4 

containing hydrazone BU made by mixing hydrazide B and aldehyde U (as disulfide which 

was in-situ reduced to thiols by TCEP; see experimental part). (Figure 5.7). 



Chapter 5 

120 
 

 

Figure 5.7 Schematic representation of the initial and final state of two initially different systems constituted by 

an aqueous hydrazone library and an aqueous disulfide library connected through an organic solvent. 

 

Semi-system 1b contained disulfide DVD prepared by mixing thiol D and V (in disulfide 

form) at pH 8. The formation of both BU and DVD from their starting building blocks are 

equilibrium processes. DVD was formed by the reaction of a molecule of V and a molecule 

of D to build a disulfide bond and a second molecule of D to form a thiazolidine bond 

(Figure 5.8). The structure of the thiazolidine is reached via an energetically favorable five 

member ring. The formation of this thiazolidine ring is reversible and has been proved to 

be suitable for its use in dynamic combinatorial chemistry.
28

 

 

 

Figure 5.8 Structure of molecule DVD. 
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These two types of library members contain building blocks U and V which are able to 

cross the organic phase and participate in both hydrazone (Scheme 5.1a) and disulfide 

exchange (Scheme 5.1b).  

 

 

Scheme 5.1 Hydrazone and disulfide exchange. 

 

Molecules U and V carry an aldehyde group suitable for hydrazone exchange and a thiol 

group useful for building reversible disulfide bonds. The hydrazones in semi-system 1a 

were built from hydrazide B which is a positively charged species unable to migrate across 

the apolar organic phase. In disulfide containing semi-system 1b, cysteine was also 

preventing the migration of disulfides through the organic phase due to the presence of 

the anionic carboxylate and protonated amino groups. To diminish the formation of apolar 

homodimers of U and V able to escape the aqueous phase, an excess of cysteine was 

added to semi-system 1b, which resulted in the formation of D homodimers that did not 

disturb the communication process. 

After connecting both semi-systems, the concentration of compound BU in system 1 

decreased with time due to the transfer of mercaptoaldehyde U from semi-system 1a to 

semi-system 1b (Figure 5.9). The entrance of thiol U into semi-system 1b produced a re-

equilibration of the system. Thiol U generated disulfides DUD by reacting with DVD 

therefore releasing mercaptoaldehyde V able to cross the organic barrier and reach semi-

system 1a. The reaction of V with BU to form BV provided further release of U that 
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continued the process of re-equilibration until both semi-systems reached a stable 

composition after 60 days.  

 

Figure 5.9 Composition shift of disulfides and thiazolidines (top) and hydrazones (bottom) expressed as 

percentage of total peak area of the chromatogram. The initial hydrazones and disulfides/thiazolidines in each 

semi-system decreased in concentration to reach a stable concentration. Similarly, the concentration of the 

newly formed hydrazones and disulfides rose to a stable value. The final concentrations of all the compounds in 

equilibrium matched well for the two systems. Conditions: See Experimental part (Chapter 5.6). 

 

An analogous system (system 2) starting from BV and DUD was also prepared. The 

composition of systems 1 and 2 converged after equilibration between semi-systems 

(Figure 5.9). These results represent again a successful system communication, based this 

time on the simultaneous re-equilibration of two non-compatible (in terms of pH 

requirements) dynamic combinatorial libraries. The possibility of connecting combinatorial 

systems of such different nature enhances the prospects of dynamic combinatorial 

chemistry to develop complex networks under controlled conditions. For example, these 

newly developed systems might have application in the search of molecular binders that 

need different environmental conditions to the ones from the building blocks from which 
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they are made. Alternatively, for cascade synthetic processes it might also be interesting 

to consider the advantage of using these types of multiphase containers.  In addition, the 

study of networks as the ones shown here could contribute to understand some of the 

mysteries of biochemical communication systems. 

 

5.4 Communication through liposomes 

In order to take a step further into mimicking biochemical systems, chemical signaling 

through the membrane of liposomes was tested. For that purpose, batches of liposomes 

were prepared using phospholipid POPC, cetrimonium bromide and cholesterol.
29

 

In a first experiment, the liposomes were formed in a solution of hydrazone AY (Figure 

5.10) in piperazine buffer 50 mM, pH 6.0 and later separated by size exclusion 

chromatography (SEC) from the external residual hydrazone. These liposomes were then 

transferred to a solution containing a different hydrazone (BX). The mixture was left to 

equilibrate for 3 days and the liposomes were separated from the external solution once 

again by SEC. The analysis by LC-MS of the entrapped aqueous phase of the liposomes 

revealed the presence of the new hydrazone AX. 

 

Figure 5.10 Hydrazones AY and BX used for molecular communication between the inside and the outside of 

liposomes. 

 

In the external aqueous solution, the new hydrazone BY was also found. These findings 

could indicate that the presence of AX and BY is a result of the transport of aldehydes Y 

and X through the liposome membrane and a subsequent reequilibration. Unfortunately, 

also some amount of hydrazone BX was detected when analyzing the liposome content, as 

well as hydrazone AX in the exterior solution, indicating that the liposome membrane is 

permeable to these hydrazones. Due to the larger volume of external solution as 

compared to the entrapped volume, the presence of X containing hydrazones was 

dominant both inside and outside of the liposomes. Nevertheless, the different amount of 

BX relative to AX inside the liposomes allows to draw an interesting conclusion (Figure 
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5.11). In the entrapped solution, the concentration of AX was higher than that of BX (AX 

and BX have a comparable concentration/absorption signal intensity ratio at 260 nm), 

meaning that the transfer and exchange of aldehydes was faster than the diffusion of BX 

into the liposomes. In the hypothetic case of BX being the main source of X inside the 

liposomes, the amount of BX would always exceed (or at least equal) that of AX, since at 

equilibrium, the amount of AX and BX is comparable. The Y containing hydrazones had a 

parallel behavior to AX and BX and thus were omitted from this discussion (for mass 

analysis, see experimental section, Figure 5.21).  

 

Figure 5.11 Extracted ion chromatogram (XIC) of the hydrazones AX (252±0.5 u) and BX (312±0.5 u) for the 

aqueous solution outside and inside of the liposomes. The liposomes were initially charged with AY and later 

exposed to a solution of BX (see section 5.6 for the detailed procedure). The presence of hydrazone BX inside the 

liposomes indicates that the liposome membrane is partially permeable to hydrazide/hydrazones. The presence 

of a greater amount of AX inside the liposomes implies there has been aldehyde exchange (subsequent to A 

crossing the liposomes membrane). 
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The solution outside the liposomes contained a higher proportion of the initial BX 

hydrazone compared to AX hydrazone, as expected. 

In order to improve passive transport selectivity and prevent the hydrazones from passing 

through the membrane of the liposomes, the aldehyde residues were modified. To favor 

the transport of the aldehydes, aliphatic aldehydes isobutyraldehyde (S) and 

pivalaldehyde (T) were chosen instead of aromatic X and Y to generate hydrazones (see 

Figure 5.12). 

 

Figure 5.12 Hydrazones AS and AT made from hydrazide A and the corresponding aldehydes used for molecular 

communication between groups of liposomes. 

 

An attempt to achieve a communication process between two families of liposomes was 

performed. Each family of liposomes enclosed a different hydrazone (AS or AT). Both 

families of liposomes were placed in an aqueous solution divided by a dialysis membrane 

that prevented the liposomes from mixing but allowed the free aldehydes to cross. After 

letting the system equilibrate for 4 days, the analysis of the content by LC-MS did not 

show any signals for hydrazone products. A plausible explanation for the lack of 

hydrazones is an exodus of the aldehydes from the inside of the liposomes to the external 

aqueous solution. Free hydrazide A was detected inside the liposomes, supporting this 

hypothesis. 

The conditions for the communication between liposomes via aldehyde exchange could 

not be optimized so far. Possible improvements may be obtained by increasing the 

hydrazone concentration, or increasing the ratio of entrapped relative to external volume 

of the liposome solutions.  
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5.5 Conclusions 

Dynamic combinatorial chemistry has been used to achieve communication between 

systems of aqueous dynamic combinatorial libraries connected through a bulk of organic 

solvent. The systems were prepared using one type of reversible chemistry (hydrazone 

exchange) or two orthogonal chemistries (hydrazone and disulfide exchange). Liposomes 

were tested as cell-like containers for analogous libraries. 

The combinatorial libraries consisted of hydrazones able to release aldehydes that 

behaved as signals travelling through the organic layer to interact with the neighboring 

aqueous compartment. The hydrazones chemically perceived these signals and reacted to 

them by shifting their equilibrium and releasing new signals until both compartments 

reached a new equilibrium state which depends on the equilibrium constants of the 

hydrazones involved in the system. Hybrid systems containing separate hydrazone and 

disulfide libraries at different pH values were allowed to communicate through 

mercaptoaldehydes as signaling molecules. These bifunctional species participated in the 

equilibration of dynamic combinatorial libraries through thiol and aldehyde moieties when 

present in the disulfide compartment and through an aldehyde group when in the 

hydrazone compartment. 

The results here presented are the first examples of designed three-phase systems as a 

new device to interface networks that require incompatible conditions or chemical species 

and which can be in thermodynamic equilibrium by contact through a non-miscible phase, 

increasing the versatility of dynamic combinatorial chemical systems. Finally, these 

innovative systems represent a simplified example of intersystem communication, 

mimicking signaling across cell membranes. Therefore a potential use in the study and 

understanding of complex communication behavior such as quorum sensing is anticipated. 
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5.6 Experimental 

Reagents and solvents 

All reagents and solvents were obtained from commercial sources and used without 

further purification unless specified otherwise. 

 

NMR analysis 

NMR spectra were obtained on a Varian AS 400 MHz instrument or Varian AC 300 MHz. 
1
H 

chemical shifts are reported as δ in ppm relative to residual protonated solvent 

resonances. 
13
C chemical shifts are reported as δ in ppm and measured relative to solvent 

references. 

 

HPLC analysis 

Analytic HPLC was carried out on Hewlett Packard 1050 or 1100 systems coupled to UV 

detectors and the data were processed using HP Chemstation software. Separations were 

performed on a reversed phase Waters symmetry C8 column (4.6 x 150 mm, 3.5 μm 

particle size). Aliquots of 3 µL of library solution were injected. Doubly distilled water, 

HPLC-S-grade acetonitrile from Biosolve and formic acid were used to prepare the eluents:  

eluent A = water + 5.0 % acetonitrile + 0.10 % formic acid  

eluent B = acetonitrile + 5.0 % water + 0.10 % formic acid 

Chromatography was performed at 45 °C using UV detection at 260 nm and a constant 

flow rate of 1.00 mL/min. The HPLC analysis method was as follows: 

Time (min) Eluent A (%) Eluent B (%) 

0 100 0 

5 89 11 

16 33 66 

22 0 100 

26 0 100 

27         100 0 

34         100 0 
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System design 

The connection of the two aqueous phases was made via an organic solvent. Its function is 

to prevent the mixing of the two different aqueous phases, and to limit the exchange of 

some chemical species while allowing some others to cross. After testing some solvents 

(hexane, heptanes, CH3Cl), EtOAc was chosen since it afforded sufficient solubility of the 

aldehydes (as opposed to hexane or heptanes) while avoiding solubilization of the charged 

hydrazides and hydrazones (as observed for chlorinated solvents). 

The container with which the communication experiments were performed was an H-

shaped glass tube (Figure 5.13). Each of the phases contained 7.0 mL of solvent. For the 

experiment with only hydrazones, the concentration of the hydrazones was 7.50 mM in 

ammonium formate buffer 100 mM, pH 4.0 (adjusted with formic acid). An additional 2.50 

mM of hydrazide was added in order to accelerate the hydrazone exchange. 

 

 

Figure 5.13 Schematic representation of the container used for the connection of libraries. The volume of each 

phase was 7.0 mL. 

 

To set up the system with a combination of hydrazones and disulfides, hydrazone BU was 

prepared in semi-system 1a by mixing dimer of mercaptoaldehyde U (5.00 mM) with B 

(10.0 mM) in ammonium formate buffer 100 mM pH 4.0 (7.0 mL) in presence of TCEP 

Aqueous phase Aqueous phase

Organic phase

6.6 cm
7.7 cm

1.7 cm

11.6 cm
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(20.0 mM) to reduce disulfides into thiols. The same approach was used to prepare BV. 

DVD and DUD were prepared by mixing cysteine (40.0 mM) and U or V (5.00 mM) in 

borate buffer 50 mM pH 8.0 (7.0 mL). 

 

Synthetic procedures 

The synthesis of the hydrazones from the corresponding hydrazides and aldehydes was 

performed by dissolving both reagents in buffer and allowing for full conversion (typically 

overnight). Whenever isolation of the hydrazone was required, both hydrazone and 

aldehyde were dissolved in CH2Cl2/DMSO (50/50), formic acid was added as catalyst and 

the solution was stirred overnight at r.t. Afterwards, the product was precipitated by 

adding EtOAc to the solution. The hydrazone was then filtered out and dried. 

 

1-(4-(Hydrazinecarbonyl)phenyl)-N,N,N-trimethylmethanaminium (B) 

Methyl 4-bromomethylbenzoate (2.60 g, 11.0 mmol)  was 

refluxed with trimethylamine (3.5 mL 45% aq) in 20 mL of EtOH 

for 4 hours and the solvents were then evaporated under 

reduced pressure. The resulting mixture was dissolved in 20 mL of H2O and 3 mL of 

aqueous hydrazine (60% conc) was added and refluxed for 6 hours. The solvents were 

removed under reduced pressure. The crude product was washed by sonicating in EtOH, 

then filtered out and dried under vacuum. The final product was obtained as a white 

powder (3.02 g, 99% yield). 
1
H-NMR (400 MHz, DMSO/D2O 1/1): δ 9.90 (s, 1H), 7.93 (d, J = 

8.9Hz, 2H), 7.60 (d, J = 8.9Hz, 2H), 4.57 (s, 2H), 3.02 (s, 9H). 
13

C-NMR (100 MHz, DMSO/D2O 

1/1): δ 165.7 (O=C(NH-)-), 132.4 (Cquat), 131.3 (2xCH), 129.0 (Cquat) 125.8 (2xCH), 66.5 (CH2), 

50.5 (3xCH3). HR-MS calcd (M-H
+
) 208.1444, found 208.1435. 

 

4-Mercaptobutanal (W) (as disulfide dimer) 

Ethyl 4-bromobutanoate (27.3 g, 140 mmol) was refluxed 

in EtOH (125 mL) together with thiourea (16.0 g, 210 

mmol) for 3h. NaOH (10.0 g, 250 mmol) was added and 

the mixture was further refluxed for 2 more hours. HCl conc (25 mL) was added and all the 

solvents were removed under vacuum. The remaining oil was redissolved in EtOH (150 
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mL) and I2 pellets were gradually added. The solution turned initially red due to the 

presence of I2 but it readily become pale as the I2 was reduced to I
-
 by the thiols in solution 

which became oxidized to disulfides. Iodine pellets were added until the solution 

remained red for more than 30 minutes. The solution was stirred overnight. The EtOH was 

removed in vacuo and the product was purified by column chromatography in 

EtOAc/Heptane (10/1, 3/1, 1/1). An overall yield of 14% (2.95 g) of diethyl 4,4'-

disulfanediyldibutanoate was obtained. 
1
H-NMR (400 MHz, CDCl3): δ 4.10 (q, J = 8.0Hz, 

4H), 2.69 (t, J = 7.2Hz, 4H), 2.40 (m, 4H), 2.01 (m, 4H), 1.23 (t, J = 7.6Hz, 6H). 
13

C-NMR (100 

MHz, CDCl3): δ 172.8 (2xO=C(O)-), 60.4 (2xCH2), 37.8 (2xCH2), 32.6 (2xCH2), 24.2 (2xCH2), 

14.2 (2xCH3). HR-MS calcd (M-H
+
) 295.1038, found 295.1042. 

To reduce the carboxylate ester groups to aldehyde groups, 2.80 g (9.70 mmol) of the 

product from the last synthetic step were dissolved in dry CH2Cl2 (50 mL) under a N2 

atmosphere and the mixture was cooled to -78 °C. A 1.0 M solution of DIBAL-H in CH2Cl2 

(19.6 mL, 19.6 mmol) was added dropwise while stirring for 1h.
30

 The reaction was stirred 

for 1 more hour and then it was quenched with 20 mL of aqueous HCl 10%. The product 

was extracted with CH2Cl2. The solution was dried over Mg2SO4 and the solvent removed 

under vacuum, giving 1.23 g (70% yield) of product. Rf = 0.59 in AcOEt/Hept (1/1). 
1
H-NMR 

(400 MHz, CDCl3): δ 9.73 (s, 2H), 2.65 (t, 8.0Hz, 4H), 2.54 (t, 8.0Hz, 4H), 1.96 (q, 8.0Hz, 4H). 

13
C-NMR (100 MHz, CDCl3): δ 201.4 (2xO=C(H)-), 42.1 (2xCH2), 37.6 (2xCH2), 21.3 (2xCH2). 

HR-MS calcd (M-H
+
) 207.0508, found 207.0511. 

 

3-Mercaptopropanal (X) (as disulfide dimer) 

This compound was prepared following a modified procedure 

described in the literature:
31

  

Methyl 3-mercaptopropionate (5.00 g, 41.7 mmol) was added 

to 100 mL MeOH. I2 pellets were gradually added. The solution turned initially red due to 

the presence of I2 but it readily became pale as the I2 was reduced to I
-
 by the thiols in 

solution which became oxidized to disulfides. Iodine pellets were added until the solution 

remained red for more than 30 minutes. The solution was stirred overnight. The solvent 

was removed in vacuo and the product was purified by column chromatography using 

EtOAc/Heptane (1/1) (Rf = 0.68). Dimethyl 3,3'-disulfanediyldipropanoate (2.34 g, 48% 



Molecular Communication between Dynamic Molecular Networks 

131 
 

yield) was obtained and used for the next synthetic step. 
1
H-NMR (400 MHz, CDCl3): δ 3.70 

(s, 6H), 2.92 (t, J = 10Hz, 4H), 2.74 (t, J = 10Hz, 4H). See reference
31

 for analytical data. 

The product mentioned above (2.34 g, 9.80 mmol) was dissolved in dry CH2Cl2 (50 mL) 

under a N2 atmosphere and the mixture was cooled to -78 °C. A 1.0 M solution of DIBAL-H 

in CH2Cl2 (19.6 mL, 19.6 mmol) was added dropwise while stirring for 1h. The reaction was 

stirred for 1 more hour and then quenched with 20 mL of aqueous HCl 10%. After 

extraction with CH2Cl2, 0.82 g (47% yield) of product was obtained. Rf = 0.55 in 

AcOEt/Hept (1/1). 
1
H-NMR (400 MHz, CDCl3): δ 9.82 (s, 2H), 2.92 (m, 8H). 

13
C-NMR (100 

MHz, CDCl3): δ 199.8 (2xO=C(H)-), 43.1 (2xCH2), 30.0 (2xCH2). HR-MS calcd (M-H
+
) 

178.0122, found 178.0117. 

 

Preparation of liposomes 

POPC was bought from Genzyme, cholesterol from Avanti lipids and cetrimonium bromide 

from Aldrich.  

Liposome formulation for 3.0 mL: 

POPC (MW 760.076) 11.4 mg (final concentration 5.00 mM), cetrimonium bromide (MW 

364.45) 0.30 mg (final concentration 0.25 mM) and cholesterol (MW 386.65) 0.30 mg 

(final concentration 0.25 mM) were mixed together in 3.0 mL of CHCl3 until complete 

dissolution. The organic solvent was removed under a nitrogen flow, forming a lipid film. 

The lipid film was dried overnight under reduced pressure and then hydrated with 3.0 mL 

of a selected hydrazone solution, vortexed for 10 seconds and incubated for 5 minutes. 

Then the solution was subjected to 20 cycles of freeze-thaw (liquid nitrogen; 30 °C water). 

The solution was again incubated for 5 minutes and then passed through a Sephadex NAP-

25 column (Illustra, GE Healthcare) equilibrated and eluted with the buffer used for the 

experiment.    

 

For the experiment involving a single type of liposomes containing one hydrazone, the 

solution of the external hydrazone was added to the liposome solution and left to 

equilibrate for 7 days. 
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For the experiment involving two types of liposomes containing a different hydrazone 

each, the two liposome solutions were separated with a Spectra/pore 7 

(spectrumlabs.com) dialysis membrane  (MWCO 1000) previously hydrated with the buffer 

used for the experiment, and the mixture of liposomes was left to equilibrate for 7 days.   

 

LC-MS analysis 

For the LC-MS measurements an Accela High Speed LC system (ThermoFisher Scientific, 

Courtaboeuf, France) was coupled to a LTQ-Fleet Ion Trap Mass Spectrometer. Mass 

spectra (positive ion mode) were obtained using the following conditions: sheath gas flow 

rate 30, aux. gas flow rate 10, sweep gas flow rate 5, ionization spray voltage 3.50 kV, 

capillary temperature 330 °C, capillary voltage 12 V, tube lens 40 V.  

The LC method employed was the same as that one used for HPLC. The flow was split after 

the LC to allow 0.30 mL/min to enter the mass spectrometer. 

 

 

Figure 5.14 LC-MS analysis of in semi-system 2a initially containing only hydrazone AZ after 10 days of 

equilibration. HPLC trace (top), TIC (middle) and mass spectra (bottom) of the three main peaks in the TIC 

corresponding to A (bottom, left; M+H+ calcd m/z= 132.11, obs m/z= 132.20) AY (bottom, middle; M+H+ calcd 

m/z= 252.13, obs m/z= 252.15) and AZ (bottom, right; M+H+ calcd m/z= 252.13, obs m/z= 252.15). TFA was used 

instead of F.A. in this analysis. 
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Figure 5.15 LC-MS analysis of in semi-system 2b initially containing only hydrazone BY after 10 days of 

equilibration. HPLC trace (top), TIC (middle) and mass spectra (bottom) of the three main peaks in the TIC 

corresponding to B (bottom, left; M+H+ calcd m/z= 208.14, obs m/z= 208.03) BZ (bottom, middle; M+H+ calcd 

m/z= 328.17, obs m/z= 328.02) and BY (bottom, right; M+H+ calcd m/z= 328.17, obs m/z= 328.02).  

 

 

Figure 5.16 HPLC trace of system 1a where both BW and BZ are present (A). XIC (extracted ion chromatogram) 

mass for BW (m/z= 235.5-236.5) and mass spectrum (M+H+ calcd m/z= 236.14, obs m/z= 236.30) (B). XIC for BZ 

(m/z= 251.6-252.6) and mass spectrum (M+H+ calcd m/z= 252.13, obs m/z= 252.28) (C) (residual BW can be 

observed).  
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Figure 5.17 HPLC trace of semi-system 1a of the mixed hydrazone-disulfide libraries at time=0 (top) and XIC 

(extracted ion chromatogram) for B (middle, left), BV (middle, center) and BU (middle, right) and the mass 

spectra of the main peaks of the respective XICs (M+H+ calcd m/z= 208.14, obs m/z= 208.05; M+H+ calcd m/z= 

280.15, obs m/z= ---; M+H+ calcd m/z= 294.16, obs m/z= 294.03) (bottom). At this stage, no BV was detectable. 

 

Figure 5.18 HPLC trace of semi-system 2a of the mixed hydrazone-disulfide libraries at time=0 (top) and XIC 

(extracted ion chromatogram) for B (middle, left), BV (middle, center) and BU (middle, right) and the mass 

spectra of the main peaks of the respective XICs (M+H+ calcd m/z= 208.14, obs m/z= 208.02; M+H+ calcd m/z= 

280.15, obs m/z= 280.00; M+H+ calcd m/z= 294.16, obs m/z= ---) (bottom). At this stage, no BU was present. 
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Figure 5.19 HPLC trace of semi-system 1b of the mixed hydrazone-disulfide libraries at time=0 (top) and XIC 

(extracted ion chromatogram) for DD (middle, left), DVD (middle, center) and DUD (middle, right) and the mass 

spectra of the main peaks of the respective XICs (M+H+ calcd m/z= 241.03, obs m/z= 240.91; M+H+ calcd m/z= 

313.03, obs m/z= 312.78; M+H+ calcd m/z= 327.05, obs m/z= ---) (bottom). At this stage, no DUD was present. 

 

 

Figure 5.20 HPLC trace of semi-system 2b of the mixed hydrazone-disulfide libraries at time=0 (top) and XIC 

(extracted ion chromatogram) for DD (middle, left), DVD (middle, center) and DUD (middle, right) and the mass 

spectra of the main peaks of the respective XICs (M+H+ calcd m/z= 241.03, obs m/z= 240.90; M+H+ calcd m/z= 

313.03, obs m/z= ---; M+H+ calcd m/z= 327.05, obs m/z= 326.85) (bottom). At this stage, no DVD was present. 
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Figure 5.21 Mass spectra of the A- and B-derivatives used for chemical communication between internal and 

external part of liposomes: AX (M+H+ calcd m/z= 236.14, obs m/z= 236.25), BY (M+H+ calcd m/z= 328.17, obs 

m/z= 328.21), AY (M+H+ calcd m/z= 252.13, obs m/z= 252.23) and BX (M+H+ calcd m/z= 312.17, obs m/z= 

312.23).  
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