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ABSTRACT 

Binding constants, Log K ≈ 6.6 M
-1

, and NMR characterization of the complexes 

formed by sulfobetaines and cucurbit[7]uril (CB7) support the electrostatic interaction 

as major driving force. This very strong binding motif is cross-linked by additional CB7 

molecules resulting in the formation of supramolecular nanoparticles (SNPs) with an 

average diameter of 172 nm and negative surface potential. The time course evolution 

of the particle size and the surface potential suggests the very fast formation of an 

amorphous aggregate that absorbs additional amount of sulfobetaine. These aggregates 

afford very stable (more than two weeks) nanoparticles in aqueous dispersion. The 

reversibility of the sulfobetaine/CB7 host:guest complexes allows SNPs disaggregation 

by adding a competitive guest as shown by treatment with tetraethylammonium 

chloride. The addition of this competitive cation triggers a SNPs to micelle transition. 

The potential application of these nanoparticles as drug delivery vehicles was 

investigated by using carboxyfluorescein. These experiments revealed that upon 

externally induced disruption of the SNPs (by tetraethylammonium chloride) the 

fluorescent dye was trapped into micellar aggregates that can be further disrupted by 

cyclodextrin addition. 
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INTRODUCTION 

Supramolecular chemistry promises the assembly of molecular units into well-defined 

architectures, via specific non-covalent interactions allowing the design of novel 

materials such as supramolecular nanoparticles (SNPs).
[1-4]

 SNPs are particles in which 

multiple copies of different building blocks are brought together by specific 

noncovalent interactions, resulting in assemblies that are typically larger than the 

building blocks themselves. In this context, the construction of controlled nanoscale 

structures and materials with well-defined shapes and dimensions from molecular 

components is of great interest. These SNPs present several advantages such as size 

control, controlled assembly/disassembly, modular character, and the potential for the 

straightforward incorporation of imaging agents or targeting ligands. Furthermore, the 

sensitivity of supramolecular particles to external stimuli can induce the controlled 

disassembly of the corresponding supramolecular systems. These type of stimuli 

responsive nanocapsules are intensively investigated due to the potential modulation of 

properties such as size, shape and dynamic interactions with the enviroment.
[5]

 

 The cyclodextrin based SNPs or hydrogels have been thoroughly exploited to 

develop various biomedical materials.
[6-12]

 Self-assembly supramolecular systems based 

on cyclodextrins responding to pH,
[13,14]

 light,
[15-18]

 voltage,
[19]

 enzyme,
[20]

 lectins,
[21]

 or 

multistimuli
[22-24]

 have been developed, showing potential for intelligent delivery 

systems. Different approaches have been reported for CD-based SNPs in order to 

terminate the multivalent supramolecular network, avoiding the undesired continuous 

growth of the particles and the resulting aggregation and collapse due to attractive 

multivalent interactions. The use of adamantyl-terminated poly(ethylene glycol) as an 

electrostatic stopper has been successfully applied to control particle aggregation.
[7,25-27]

 

However, despite the importance of SNPs, little is known about the interplay of 
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electrostatics, the host:guest interactions and the steric influences in the control of 

particle size and stability. 

 Beyond the adamantyl/cyclodextrin binding motif, a variety of molecular 

recognition units are available in supramolecular chemistry, however, few of these 

examples have been use for the preparation of size-tunable SNPs. Sulfonatocalixarenes, 

a well-known supramolecular receptors in water, have been used to prepare this kind of 

self-assembly architectures. Their interactions with cationic surfactants promote the 

formation of supramolecular micelles
[28,29]

 and vesicles
[30-32]

 as well as micelle-to-

vesicle transition. Recently, it has been demonstrate these calixarenes are able to self-

assemble into stable and monodisperse SNPs.
[33-35]

 Formation of a stable host:guest 

complex is the first step in SNPs preparation. Cucurbiturils,
[36]

 with dissociation 

constants up to the atto-level,
[37]

 are promising receptors for preparation of SNPs. Large 

cavity size cucurbiturils such as CB8 have the ability to form 1:2 host:guest complexes 

assisted by naphthol-viologen charge-transfer complexes.
[38]

 The implementation of this 

or other similar ternary supramolecular motifs, such as different CB8-based 

nanoparticles
[39-44]

 and microstructures,
[45]

 has been reported to be time and temperature 

dependent. It has been concluded that charge-transfer complexes are needed to form 

SNPs by using CB8 whereas CB7 failed in the preparation of analogous SNPs. Ternary 

host:guest complexes between CB8, methyl viologen and azobenzene have been used to 

prepare stimuli-responsive SNPs. UV switching of the azo group led to fast disruption 

of the ternary complexes and disintegration of the SNPs.
[46,47]

  

 In the present manuscript we show the formation of this kind SNPs by using 

CB7 balanced with different sulfobetaine zwitterionic surfactants.
[48]

 The obtained 

SNPs are stable with well-defined size and shape and can encapsulate a solubilized 

guest that can be delivered by reversible nanoparticle dissociation upon addition of an 
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external guest. The great simplicity, stability and reversibility of this SNPs and the 

biocompatibility of the building blocks (CB7 and sulfobetaine) turn these new 

supramolecular aggregates as promising nanocontainers with a wide range of potential 

applications such as nanocapsules or drug delivery agents. 

 

 

RESULTS AND DISCUSSION 

Four different level studies were carried out: (i) Analysis of the host:guest complex 

formed by CB7 and different sulfobetaines by characterization of their binding 

constants and structure; (ii) investigation of the CB7 effect on sulfobetaine aggregation 

forming micelles; (iii) characterization of the SNPs with emphasis on the 

assembly/disassembly ability and (iv) use of SNPs to drug solubilization and delivery 

upon disruption of the SNPs.  

 

1. Host:Guest complexation of zwitterionic sulfobetaines by CB7. A common 

feature of all sulfobetaines used in the present study is their ability to self-associate 

forming micelles with critical micelle concentrations (cmc) ranging from 1.3x10
-2

M to 

2x10
-5

M depending on the increasing length of the alky chain (see Table 1). The 

cucurbituril complexation studies must be carried out at high dilution in order to avoid 

the competitive micellization. The binding constants for different surfactants have been 

obtained by a displacement assay using trans-4-[4-(dimethylamine)-styryl]-1-

methylpiridine (DSMI
+
). Initial complexation of DSMI

+
 can be detected by UV-Vis 

spectroscopy (Figure S1 in supporting information section). DSMI
+
 absorption at 

444nm decreases on adding increasing amounts of CB7 due to its inclusion in the 

macrocycle cavity. The observed increase in the absorption band at 330nm is due to 
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DSMI
+
 protonation (pKa=3.1) as a result of its inclusion in the CB7 cavity. CB7 

induced protonation at neutral pH is well-documented in the literature allowing pKa 

shifts up to 4 units.
[50]

 Considering that DSMI
+
 is present in its monocationic form in 

both water and the CB7 cavity and as dicationic structure just inside the cavity 

(experiments were carried out at neutral pH) an apparent binding constant (see 

supplementary section) can be obtained, Kapp=(4.5 ± 0.3) × 10
6
 M

-1
. 

 Displacement assays were carried out in order to obtain the sulfobetaine binding 

constants with CB7. Figure S2 (see SI section) shows the absorption spectra of DSMI
+
, 

([DSMI
+
]=1.17x10

-5
M) upon titration with SB3-14 and in the presence of almost 

equimolecular amounts of CB7, ([CB7]=1.2x10
-5

M). The absorption band centered at 

444 nm increases on sulfobetaine addition due to DSMI
+
 being displaced to bulk water 

from the cucurbituril cavity. Fitting of this data to a competitive model (see SI for 

details) allowed us to calculate the binding constants (reported in Table 1). This fitting 

confirmed that the binding constants were almost independent on the hydrocarbon alkyl 

chain length of the surfactants despite their cmc was strongly affected. Binding 

constants of cationic surfactants
[51]

 to CB7 have been reported to be independent on 

surfactant alkyl chain length as a consequence of electrostatic interaction between the 

positive charge and the carbonyl groups at the portals of cucurbituril. Moreover, the 

binding constants obtained are at the same order of magnitude than those reported for 

alkyltrimethylammonium bromides, an observation that suggested that CB7 interacts 

mainly with the cationic moiety of sulfobetaines with negligible effect of the negative 

head group. 
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Table 1. Binding constants for CB7:sulfobetaine binding constants obtained in neutral water at 25.0ºC. 

Cmc values are also included. 

 

Surfactant K1:1 / M
-1

 cmc
[53]

 / M 

SB3-10 (3.4±0.1)x10
6
 1.3x10

-2
 

SB3-12 (2.3±0.1)x10
6
 2.0x10

-3
 

SB3-14 (4.5±0.1)x10
6
 2.0x10

-4
 

SB3-16 (6.1±0.1)x10
6
 2.0x10

-5
 

 

 NMR titration of SB3-14 by successive addition of CB7 is shown in the SI 

section. CB7 addition for rations [CB7]/[SB3-14]<1 leads to the observation of two sets 

of resonances, corresponding to the free guest and a new species, CB7:SB3-14, the 

host:guest complex of CB7 and sulfobetaine. The simultaneous observation of 

resonances for these two species indicates that the host-exchange process is slow on the 

time scale of the NMR experiments. Once the amount of added CB7 reaches a full 

equivalent, the peaks for the host:guest complex, CB7:SB3-14, become fully developed. 

The presence of CB7 leads to substantial upfield (which is a well-stablished inducation 

that guest is included into the CB7 cavity) and downfield (revealing that protons are 

held in the proximity of the carbonyl-laced host portal but outside the cavity) shifts for 

sulfobetaine proton resonances. We also noted that each of the two doublets 

corresponding to the methylene protons on the CB7 host is split into two overlapping 

doublets, reflecting the environmental differences between the two CB7 portals upon 

inclusion of SB3-14. In other words, one of the CB7 portals is exposed to the 

dimethylammnium group while the other one is not. 

 Complexation induced chemical shifts (Δδ=δbound-δfree) of the proton resonances 

of guest molecules in CB host:guest complexes report on the average location of the 
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guest with respect to the CB7 cavity. Upfield shifts (<0 ppm) were observed for 

protons located within the hydrophobic cavity, whereas the deshielding due to the polar 

carbonyl groups resulted in downfield shifts (>0 ppm) in the resonances of the guest 

protons in the proximity of the carbonyl oxygen atoms.
[54-56]

 Addition of CB7 to SB3-14 

led to the expected upfield shifts (see Figure 1).  

 

   

Figure 1. 
1
H NMR spectrum of SB3-14 (0.5mM) in the absence (bottom) and presence (top) of CB7 

(1mM). Carbon atoms numbered starting from the sulfonate group. 

 

 Sulfobetaine NMR assignment was carried out by TCOSY NMR experiments 

(see Figure S3 in SI section). Complexation induced effects (see Figure 1) on the guest 

show both upfield and downfield displacements. A detailed analysis indicated that 

positive effects (>0) were observed for hydrogen atoms in the spacer (numbered as 1; 

2 and 3 in Figure 1) of the sulfobetaine and at the terminal carbon atoms of the alkyl 

chain. All other signals showed different downfield effect resulting in the split of the 

signal corresponding to the carbon atoms numbered as 6-16. Small negative  values 

were observed for the cationic moiety of the surfactant probably as a result of the 
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balance between one methyl group being included in the CB7 cavity, <0, and other 

located outside, >0. Signals corresponding to the alkyl chain carbon atoms close to 

the ammonium group showed the expected <0 effect (see Figure 2). 

 

Figure 2. (A). CB7-induced chemical shift changes (Δδ=δbonded − δfree, ppm) on the 
1
H resonances of the 

protons of SB3-14 for a molar ratio [CB7]/[SB3-14]=2. [SB3-14]=0.5 mM. (B). Scheme representation 

for the structure of the host:guest complex. 

  

 Complexation induced chemical shifts showed in Figure 2 indicate that almost 

nine methylene groups of the sulfobetaine showed an upfield effect. The size of the CB7 

cavity allowed the inclusion of up to seven alkyl carbon atoms in such a way that more 

than just one cucurbituril should be involved in the interaction with sulfobetaines. Based 

on previous studies from our lab we can conclude that two CB7 should be involved by 

formation of both an external and an internal host:guest complex.
[51]

 The formation of 

external complexes cross-linking will be the driving force for the preparation of final 

SNPs.
[52]
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2. Sulfobetaine micellization in the presence of CB7. Sulfobetaine inclusion into the 

CB7 cavity precludes its self-aggregation and, as a consequence the cmc increases. 

Figure 3-A shows the surface tension as a function of SB3-16 concentration in both the 

absence and presence of CB7. Surface tension in the absence of CB7 shows an inset of 

micellization at 0.03mM in well agreement with reported values in the literature. 

Addition of CB7, [CB7]=1mM, expand the range of unaffected surface tension by two 

orders of magnitude shifting the cmc to values higher than 1mM. It should be noted that 

surface tension in the presence of [CB7]=1mM remains constant till [SB3-16]=0.1mM 

indicating that the host:guest complex formed by sulfobetaine and cucurbituril does not 

absorb at the air-water interface. 

        

Figure 3. (A) Surface tension as a function of SB3-16 concentration in the absence of added host (●), in 

the presence of equimolar concentrations of SB3-16 and CB7 (▲) and in the presence of a constant CB7 

concentration, [CB7]=1mM, (■) at 25.0ºC. Lines are drawn to help the eye. (B) SB3-16 monomer 

concentration as a function of total surfactant concentration in the presence of equimolar concentrations 

of SB3-16 and CB7 (▲) and in the presence of [CB7]=1mM (■) calculated by using the binding constant 

reported in Table 1. SB3-16 monomer concentration as a function of total surfactant concentration in the 

presence of equimolar concentrations of SB3-16 and CB7 (∆) and in the presence of [CB7]=1mM (□) 

calculated by using the surface tension results obtained in the absence of added CB7. Blue line represents 

the cmc of SB3-16. 

  

A B
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 The decreasing of the surface tension for surfactants in aqueous solution can be 

assigned to a surfactant monomer adsorption at the air-water interface. Because neither 

CB7 nor the CB7:sulfobetaine inclusion complexes adsorb at the interface, it should be 

expected just one single dependence of the surface tension on sulfobetaine monomer 

concentration. The surface tension vs the concetration of SB3-16 in the absence of CB7 

can be used as a calibration curve in order to obtain the amount of SB3-16 monomers in 

the presence of added cucurbituril. Moreover by using the host:guest equilibrium 

constants reported in Table 1 it is possible to compute the sulfobetaine monomer 

concentration as a function of total sulfobetaine concentration in the presence of 

different CB7 concentrations. Figure 3-B shows these values in the presence of 

equimolar concentrations of CB7 and SB3-16 and in the presence of [CB7]=1mM. It 

should be noted that the experimentally determined monomer concentrations are always 

higher than those calculated by just considering the formation of 1:1 host:guest 

complexes with cucurbituril, a situation that causes that surfactant monomer 

concentration in the presence of CB7 is normally underestimated. Similar results have 

been obtained with other sulfobetaines (not shown) and must be ascribed to a decrease 

in the CB7 molecules available for sulfobetaine complexation. As will be later shown 

and discussed, a number of CB7 molecules should be sequestered acting as cross-linkers 

for the formation of SNPs. 

 

3. Characterization of CB7-based supramolecular nanoparticles. DLS experiments 

showed the presence of three relaxation modes for SB3-16 in the decay time distribution 

(Figure S10 of SI section): a fast mode at short relaxation times (  0.02ms for =90º) 

and a second mode at intermediate relaxation times (  0.70ms for =90º). Both 

modes were angular dependent and were related to the diffusion of SB3-16 micelles and 
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SB3-16 micelle aggregates, respectively. In addition, a slow mode at long relaxation 

times was observed, which was independent of the scattering vector, indicating that it is 

a “viscoelastic” mode. The average diffusion coefficient of the SB3-16 micelles was 

obtained by fitting the angular dependence relaxation times of the fast mode, 

D=(78.81.3) m
2
/s, which corresponds to an average hydrodynamic radius of RH 

3.110.05 nm. When CB7 was added to the SB3-16 solution, [CB7]=1mM and [SB3-

16]=1M, an inclusion complex was formed and SB3-16 micelles were no longer 

observed. This feature can be observed clearly in Figure S10 of SI section, in where the 

fast mode associated to the SB3-16 micelles disappeared from the decay time 

distribution after the addition of CB7 and the supramolecular host:guest nanoparticles 

remained in solution. Furthermore, the presence of the SNPs was confirmed by the 

angular dependence of this mode (see Figure S11 in SI section). The average diffusion 

coefficient of the supramolecular aggregate formed upon mixing equimolar 

concentrations of SB3-16 and CB7, [CB7]=1mM, was also obtained by fitting the 

angular dependence relaxation times of the fast mode, D=(2.180.08) m
2
/s, which 

corresponds to an average hydrodynamic radius of RH 1154 nm. 

 SNPs obtained from aggregation of host:guest complexes can be disaggregated 

upon addition of a competitive guest. Because the well-known affinity of CB7 for 

tretraethylammonium cations
[58]

 we studied its effect on the stability of SNPs. Addition 

of tetraethylammonium cations, [TEA]=2 mM, compete with SB3-16 to bind the CB7 

displacing SB3-16 from the host:guest complexes and resulting in recovering the SB3-

16 micelles at expenses of the SNP. Figure S12 in SI section shows the fit of the angular 

dependence relaxation times of the micelles mode, giving an average diffusion 

coefficient of D=(115.11.5) m
2
/s, which corresponds to an average hydrodynamic 

radius of RH 2.10.3 nm. This hydrodynamic size was slightly smaller compared with 
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DLS before but this can be related to the presence of a large amount of 

tetraethylammonium chloride in the aqueous solution. Aggregation-disaggregation of 

SNPs induced by a competitive guest is clearly showed in Figure 4 by DLS experiments 

at a 90 degree scattering angle. 

 

     

Figure 4. (A) DLS measurements, showing the number-weighted size distributions of: micelles formed 

by 3mM SB3-16 (black line); SNPs formed by a equimolar mixture (1.5mM) of SB3-16 and CB7 (red 

line) and SNPs disaggregation yielding micelles by addition of 2mM tetraethylammonium chloride to a 

mixture of [SB3-16]=[CB7]=1.5mM (green line). All of them in Milli-Q water at 25ºC. (B) Cryo-TEM 

micrographs obtained from a equimolar mixture, [CB7]=[SB3-16]=2mM, of cucurbituril and sulfobetaine 

showing SNPs with a diameter close to 200nm. 

 

 

 Formation of SNPs was also confirmed by Cryo-TEM microscopy (Figure 4-B) 

showing the spherical aggregates formed by a mixture of equimolar concentrations of 

CB7 and SB3-16, [CB7]=[SB3-16]=2mM. The cryo-TEM micrographs confirmed the 

size obtained by dynamic light scattering. 

 Formation of SNPs from CB7 and sulfobetaines can be explained by considering 

the formation of internal and external complexes by CB7 and cationic moieties.
[51]
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Formation of host:guest complexes between the sulfobetaines and CB7 takes place 

under a regime of slow exchange on the NMR time scale. Therefore, it has been 

possible to independently obtain the resonance signal of the dimethylammonium group 

for the uncomplexed sulfobetaine, =3.10ppm, for the 1:1 complex, =3.03ppm, and the 

2:1 complex, =3.15ppm (see Figures S4-S9 SI Section). The presence of CB7 leads to 

substantial upfield (which is a well-stablished indication that guest is included into the 

CB7 cavity) and downfield (revealing that protons are held in the proximity of the 

carbonyl-laced host portal but outside the cavity) shifts for sulfobetaine proton 

resonances. The chemical shift changes induced by complexation are consistent with the 

formation of an inclusion complex with 1:1 stoichiometry (upfield displacement) and an 

external complex with 2:1 stoichiometry (downfield displacement). The CB7 has two 

symmetrical portals capable of participating in the formation of external complexes with 

the dimethylammonium groups of sulfobetaines. The simultaneous external 

complexation by both portals results in a crosslinking effect as shown in Scheme 1. CB7 

involvement in cross linking is compatible with surface tension results showing that an 

important amount of CB7 is unavailable to complex sulfobetaine monomers.  

 

 

Scheme 1. Cartoon of the CB7 cross-linking effect. 
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 Figure 5 shows the number-weighted hydrodynamic size of the SNPs as a 

function of time. SNPs were obtained by mixing 1.5mM of CB7 and different 

concentrations of sulfobetaine yielding the following molar ratios: [SB3-16]/[CB7]=0.5; 

0.67; 1 and 2. Further increase in sulfobetaine concentration, [SB3-16]/[CB7]=4 and 

5.3, resulted in surfactant self-aggregate forming micelles and precluding SNPs (see 

Figures S13 and S14 in SI section). General trend showed that the SNPs size decreased 

on the first two hours after its formation and equilibrated after one day to reach a steady 

state that lasted for at least two weeks without any special treatment. The size-time 

dependence can be explained by preformed nanoparticle close packing due to 

sulfobetaine monomer adsorption. This adsorption screens the electrostatic repulsions 

between the sulfonate groups of sulfobetaines and cucurbituril portals allowing a more 

compact structure. Figure 5-B shows that the SNPs size slightly increased with the 

percentage of sulfobetaine in the reaction mixture, an effect that can be ascribed to a 

higher surfactant degree at the nanoparticle surface. As will be shown below this 

behavior could be compatible with the more negative surface charge of the SNPs on 

increasing the surfactant concentration. 

            

Figure 5: (A) Number-weighted size evolution on time for SNPs derived from SB3-16 and CB7 at 25ºC 

obtained for different molar ratios. (■) [SB3-16]/[CB7]=0.5; (□) [SB3-16]/[CB7]=0.67; (●) [SB3-

A B
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16]/[CB7]=1 and (○) [SB3-16]/[CB7]=2.  (B) Influence of sulfobetaine/CB7 molar ratio on the size of 

SNPs after equilibration. Red line shows the size of SB3-16 micelles. 

 

 -Potential evolution with time for different SNPs composition is reported in 

Figure 6 showing the same trend than size evolution. -Potential decreased with time 

reaching equilibration after 24 hours and keeping constant for at least two weeks. For 

molar ratios [SB3-16]/[CB7]<1, the -potential after mixing was positive and decreased 

with time to a very small negative values at equilibration. Experimental behavior can be 

explained by fast formation of supramolecular aggregates and further, slow, adsorption 

of SB3-16 until the equilibration was reached. Equilibration value for -potential is 

clearly less negative than for pure SB3-16 micelles. 

 

 

            

Figure 6: (A) -potential evolution on time for SNPs derived from SB3-16 and CB7 at 25ºC obtained for 

different molar ratios. (■) [SB3-16]/[CB7]=0.5; (□) [SB3-16]/[CB7]=0.67; (●) [SB3-16]/[CB7]=1 and (○) 

[SB3-16]/[CB7]=2. Red line shows the -potential of SB3-16 micelles.  (B) Influence of 

sulfobetaine:CB7 molar ratio on the -potential of SNPs after equilibration.  

 

 On increasing the sulfobetaine percentage in the reaction mixture, more negative 

-potentials, clearly below pure SB3-16 micelles, were observed. Minimum values of -

A B
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potential were observed for the molar ratio [SB3-16]/[CB7]=1, and observation that 

suggested the adsorption of the large surfactant on the surface of the SNPs. Further 

increase on sulfobetaine concentration did not result in more negative nanoparticles. For 

[SB3-16]=2mM and [CB7]=1mM the amount of monomers in solution should be 

clearly larger than surfactant cmc, cmc=0.02mM, allowing micellization as a 

competitive process with SNPs. Micellization process decreased the surfactant available 

for adsorption at the SNPs surface. This effect was clearly observed for larger molar 

ratios, [SB3-16]/[CB7]=4 and 5.3, where SNPs, observed just after mixing, 

disaggregated in less than one hour conducing to micelles formation (see Figures S13 

and S14 in SI section). Sulfobetaine positive ammonium group is located inside the 

cucurbituril cavity, or very close to their portals, in the host:guest complexes formed by 

SB3-16 and CB7. As a consequence most of the positive charge should be shielded by 

the carbonyl groups of CB7, resulting in a net surface negatively charged nanoparticles. 

 

4. SNPs as molecular capsules and potential drug delivery vehicles. The particular 

features of the obtained SNPs encourage us to explore the attractive possibility of 

molecular encapsulation within the cucurbituril/surfactant hybrid nanoparticles and 

delivery upon external stimuli. 5(6)-carboxyfluorescein (CF) is a fluorophore with 

excellent luminescent properties that constitutes an optimal probe for encapsulation 

studies. CF becomes self-quenched at high concentrations (50 mM) and recovers its 

fluorescence upon dilution.
[59]

 We therefore prepare equimolar separated solutions of 

CB7, [CB7]=1.5mM, and SB3-16, [SB3-16]=1.5mM, containing CF at self-quenched 

concentrations in aqueous buffer (see SI for details). Mixing equal volumes of 

cucurbituril and sulfobetaine solutions (containing CF) triggered the formation of SNPs 

dispersions with entrapped self-quenched carboxyfluorescein. After extrusion of this 
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heterogeneous mixture through a polycarbonate membrane (pore size of 200 nm) and 

removal of the non-encapsulated dye by gel filtration (sephadex G-50) we obtained a 

uniform dispersion of nanoparticles with entrapped dye and a controlled size of 172 nm 

(Figure S15 in SI section). We investigated the external-stimuli triggered release of the 

SNP content by addition of the suitable CB7/SB3-16 disruptors. We initially monitored 

the CF fluorescence emission (exc=492 nm, em=517 nm) of the nanoparticles upon 

addition of the cationic tetraethylammonium chloride (TEA), which is known to 

strongly bind into the cucurbituril cavity.
[57]

 However, addition of TEA to the SNPs 

afforded an unexpected slight decrease in the CF emission (Figure 7).  

 

 

Figura 7: Florescence of CF encapsulated in SNPs formed by [SB3-16]=[CB7]=1.5mM. SNP disruption 

by TEA and cyclodextrin result in CF encapsulation in SB3-16 micelles and deliver to bulk water. (■) 

TEA and (●) α-CD. 

 

 This observation could be the result of a TEA/cucurbituril complexation together 

with concomitant surfactant micellization of the internal CF, a situation that will inhibit 

the expected CF emission increase. SB3-16 micelle formation after CB7 removal 

correlates with the aforementioned size reduction (172 to 8 nm, see Figure S16 in SI 

section) that was observed in DLS experiments after addition of TEA to the CB7/SB3-
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16 nanoparticle dispersions (vide supra). It should be noted that SB3-16 micelle 

formation after CB7 removal should be favoured under the concentration regime 

employed, which is over the SB3-16 cmc. Initial formation of sulfobetaine/CF micelles 

should be ruled out, as the same extrusion protocol for SB3-16 lead to the formation of 

micelles with a size of 8 nm, which are clearly different from the 172 nm of the 

CB7/SB3-16 hybrid nanoparticles. Furthermore, we could experimentally confirm that 

the addition of sulfobetaine (at concentrations over the cmc) considerably quenched the 

emission of the carboxyfluorescein (see Figure S17 in SI section). SNPs and micelles 

disruption by -cyclodextrin (CD) was confirmed resulting in an important increase in 

the carboxyfluorescein emission due to the release of the internal dye (Figure 7). The 

importance of surfactant micellization was confirmed by direct treatment of the micelles 

with -cyclodextrin that afforded a full recovery in the CF emission as depicted in 

Figure S18 in SI section. 

 

CONCLUSIONS 

This paper reports the reversible formation of SNPs by using the CB7/sulfobetaine 

binding motif. Homogenous diameter, around 172nm, was confirmed by DLS and 

Cryo-TEM experiments. Sulfobetaine can be displaced from the CB7 cavity by adding 

an appropriate guest, i.e. tetraethylammonium, resulting in SNPs disaggregation. Time-

evolution of SNPs indicated that the initial cross-linked amorphous structure evolved 

with time by absorption of additional sulfobetaines resulting in a size reduction and a 

more negative surface potential. The surface potential, always negative, can be 

modulated by varying the molar ratio [SB3-16]/[CB7]. Carboxyfluorescein delivery 

upon disaggregation of the SPNs was demonstrated to show the potential of this new 

supramolecular architecture for drug delivery applications. 
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EXPERIMENTAL SECTION 

Materials. All reagents were supplied by Aldrich in the highest available purity and 

were used without further purification. CB7 was synthesized by using the procedure 

described by Nau and coworkers
[49]

 and the different CBn were separated by fractional 

crystallization from concentrated hydrochloric acid. 

Competitive experiments. The absorption spectra were recorded by UV/Vis 

spectroscopy in a Cary UV/Vis spectrophotometer thermostatted at 25.0±0.1°C. A 

solution (Milli-Q water) of trans-4-[4-(dimethylamino)styryl]-1-methylpyridinium 

iodide (DSMI
+
) was used as the competing guest. In all cases the DSMI

+
 concentration 

was 1.17x10
-5

M. 

NMR. The stock solutions were prepared in D2O (99.9%). The surfactant-CB7 systems 

for NMR measurements were prepared by the appropriate volumes of stock solutions of 

CB7 and sulfobetaine. 
1
H NMR and TCOSY experiments were performed on a Varian 

Inova 750 spectrometer. 

Surface tension measurements. Surface tensions were measured with a Krüss K-11 

tensiometer using the Wilhelmy plate technique. Glass vessel was cleaned with chromic 

mixture, rinsed repeatedly with water, and dried prior to use. The platinum plate was 

washed with water and acetone and flame-dried before each measurement. Under the 

experimental conditions the surface tension is time-independent and each experimental 

value is the average of twenty determinations in 10 second intervals. 

Dynamic light scattering. Dynamic light scattering (DLS) was performed using an 

ALV SP-86 goniometer, ALV 5000 Multi-tau correlator and a Coherent Sapphire 

optically pumped semiconductor laser operating at a wavelength of 488 nm and a power 

of 200 mW. Samples were filtered with 25mm MF-Millipore membrane filters of 0.45 
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m of pore size. The correlation functions were accumulated for 300 s and analysed 

using the ALV Correlator Software (ALV-5000/E version 3.0) based on the CONTIN 

algorithm adapted to the specific correlator noise. Temperature was fixed to 25 ºC. The 

logarithmically sampled relaxation time spectra (amplitude vs. log()) were obtained 

from the CONTIN inversion of the normalised correlation functions. Assuming 

homodyne light beating, the distribution of diffusivities were obtained applying the 

relation D=1 / (q
2), and transformed using the Stokes-Einstein relation, the solvent 

viscosity 0 and refractive index n at the actual temperature T in order to yield the 

hydrodynamic radius RH=kTq
2 / 60 where k is the Boltzmann constant, 

q=(4n/)·sin(/2) is the scattering vector as a function of wavelength in vacuum, , 

and scattering angle . Measurements were performed at angles between 30 and 150º 

with increments of 15º. 

The hydrodynamic diameters of the SB3-16 micelles and nanoparticles were 

determined with a Malvern-ZetaSizer ZS90 apparatus, which uses dynamic light 

scattering at a 90° dispersion angle to measure the particle size. Particle diffusion in 

Brownian motion is converted to a size distribution using the Stokes-Einstein equation.  

-potential. The Phase Analysis Light Scattering (PALS) technique (Malvern-

ZetaSizer) was used to measure the electrophoretic mobility at 25°C (and from it, -

potential). -potential was measured for SNPs as a function of time and the [SB3-

16]/[CB7] ratio. 

Cryo-TEM. In these experiments we have used a Holey Carbon support film on a 400-

mesh copper grid. After glow-discharge to make hydrophilic the carbon film, a 3 µL 

drop of the sample was deposited onto the grid. Then the grid was mounted on a plunger 

(Leica EM-CPC) and blotted with a Whatman No.1 filter paper. The aqueous 

suspension containing exosomes was immediately vitrified by rapid immersion in liquid 
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ethane. The grid with the vitrified samples was mounted on a Gatan 626 cryo-transfer 

system and inserted into the microscope. Images were obtained using a Jeol JEM 2011 

cryo-electron microscope operated at 200 kV, under low-dose conditions, and using 

different degrees of defocus (500–900 nm) to obtain an adequate phase contrast. 32 

Images were recorded on a Gatan Ultrascan US1000 CCD camera. The images were 

acquired and analyzed with the Digital Micrograph 1.8. 

Carboxyfluorescein deliver. 5(6)-carboxyfluorescein (CF) was purchased from 

Aldrich. Nanoparticle size homogeneizations for encapsulation studies with CF were 

prepared with a Mini-Extruder from Avanti Polar Lipids (pore size 200 nm). For 

molecular encapsulation studies of SNPs we mixed equal volumes of 0.5 mL of CB7 (3 

mM CB7, 50mM CF, 10 mM Tris, pH 7.4) and 0.5 mL of SB3-16 (3 mM SB3-16, 50 

mM CF, 10 mM Tris, pH 7.4) stock solutions yielding a total volume of 1 mL (1.5 mM 

CB7, 1.5 mM SB3-16, 50 mM CF, 10 mM Tris, pH 7.4). The size of the resulting 

nanoparticles suspension was homogenized by extrusions (15×) in a Mini-Extruder and 

through a polycarbonate membrane (pore size, 200 nm). Non-encapsulated CF dye was 

removed by gel filtration (Sephadex G-50) with 10 mM Tris, pH 7.4. Final conditions: 

~1.5 mM of CB7 and 1.5 mM of SB3-16; inside of the nanoparticles: 50 mM CF, 10 

mM Tris, pH 7.4; outside buffer conditions: 10 mM Tris, pH 7.4. 

 

ASSOCIATED CONTENT 

Supporting Information 

Design of competitive experiments; NMR characterization of the host:guest complex; 

Size and -potential characterization of the SNPs as well as fluorescence experiments 

on CF deliver. This material is available free of charge via the Internet at 
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