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Abstract: Nanoparticle surfactants (NPSs), formed by using dynamic 
interactions between nanoparticles and complementary ligands at the 
liquid-liquid interface, have emerged as “smart emulsifiers” with 
attributes of high emulsification efficiency, long-term stability, and on-
demand emulsification/demulsification capabilities. However, only 
pH-responsiveness can be adopted to the assembly of reported NPSs 
formed by electrostatic interactions. Here, we propose an alternative 
design strategy, by taking advantage of the ferrocenium (Fc+)-
sulphate ion pair, to develop a new type of cellulose nanocrystal (CNC) 
surfactant. The Fc+ groups are sensitive to pH, redox reagents and 
voltage, imparting the CNC surfactants and derived Pickering 
emulsions with multi-stimuli-responsiveness, showing promising 
applications in controllable delivery, release, and biphasic biocatalysis. 

Pickering emulsions are dispersions of immiscible liquids, where 
the interfaces are stabilized by colloidal particles.[1] The dense 
packing and high binding energy of the particles to the interface 
afford a strong mechanical barrier against the coalescence of 
droplets,[2] offering the Pickering emulsions a superior stability 
that is attractive in many commercial products and industrial 
processes[3]. Recent advances in some biphasic applications, 
such as heterogeneous catalysis and molecular delivery, require 
an on-demand emulsification/demulsification in response to 
external stimuli, promoting the development of dynamically stable 
Pickering emulsions.[4] The manipulation of the formation, 
breakage, and switching of such emulsions has led to the 
development of “smart emulsifiers”, whose interfacial activity and 
adsorption state can be reversibly transformed by various 
triggers.[5] 

The energy associated with the binding of particles to liquid-
liquid interfaces is dominated by the size of particles and the 
wettability of particle surfaces, where the latter is reflected in the 
three-phase contact angle.[6] In comparison to typical colloiidal 
particles, the small size of nanoparticles (NPs) gives rise to a low 
binding energy at the liquid-liquid interface and a dynamic 
adsorption/desorption behavior,[7] limiting their emulsification 
efficiency. Modifying the wettability of particle surface providea an 
alternative strategy to enhance the interfacial activity of NPs but 
usually requires multiple synthetic  steps or time-consuming 

processes. Nanoparticle surfactants (NPSs), an emergent class 
of interfacially active materials, have overcome this impediment 
and have attracted increasing interest in the past decade.[8] By 
using interactions between NPs dispersed in one liquid and 
polymer/oligomer ligands with complementary functionality 
dissolved in a second immiscible liquid, multiple ligands anchor to 
the NPs at the interface to maximize the reduction in the interfacial 
energy per NP, forming “Janus-like” NPSs in situ at the interface, 
where the binding energy of each NP to the interface is 
significantly increased. NPSs form and assemble at the interface, 
stabilizing the interface, and, when compressing the interface, 
NPSs jam, affording the possibility to lock liquids in non-
equilibrium shapes.[9] With NPSs, stable Pickering emulsions of 
different types (o/w, w/o and o/w/o) and droplet sizes (from 
several tens to hundreds of microns) can be easily obtained.[10] 
Notably, the formation of NPSs is driven by non-covalent 
interactions, such as electrostatic, host-guest, and charge-
transfer interactions.[11] These dynamic interactions impart the 
NPSs with an adaptive assembly/disassembly ability in response 
to pH, light, redox, or guest-competitive triggers, affording a smart 
control of the emulsification/demulsification processes, that has 
shown potential applications in many fields including 
encapsulation, delivery and controlled release.[12] To date, NPSs 
formed by electrostatic interactions are generally based on ion 
pairs, e.g., ammonium-carboxylate, where only pH-
responsiveness can be achieved to manipulate the 
assemblies.[11a,13] Many biphasic uses of Pickering emulsions are 
sensitive to the additives or accumulated products generated 
during the emulsification/demulsification processes,[14] making 
current stimuli strategies unsuitable. Consequently, alternative 
designs for NPS-based Pickering emulsions with multiple-stimuli 
responsiveness, and new phase-switching strategies that are 
convenient, mild, and repeatable, are needed. 

Here, we report a new type of smart NPSs, cellulose 
nanocrystal (CNC) surfactants, that form by the electrostatic 
interactions between sulphated cellulose nanocrystals (CNC-
OSO3

-) and ferrocenium terminated polystyrene (PS-Fc+) at the 
oil-water interface (Scheme 1). The Fc+ groups are sensitive to 
redox reagents,[15] voltage,[14b,16] and pH,[17] offering multiple 



 

routes to manipulate the interactions between the Fc+-OSO3
- ion 

pair, and the consequent assembly/disassembly of the CNC 
surfactants. When used as emulsifiers, CNC surfactants have a 
high emulsification efficiency, resulting in Pickering emulsions 
with a long-term stability that are responsive to multiple stimuli. In 
particular, the electrochemical stimulus that is easy to realize, 
repeatable, and is, also, biocompatible, represents an ideal 
switching strategy that enables the use of CNC surfactants for 
Pickering-assisted enzymatic biocatalysis applications. 
 

 
Scheme 1. (a) Chemical structures of CNC-OSO3-, PS-Fc+, and PS-Fc. (b) 
Schematics of switchable emulsification/demulsification of Pickering emulsions 
stabilized by CNC surfactants triggered by pH, redox reagent, and voltage. 

The water dispersible CNC-OSO3
- used in this work was 

prepared by sulfuric acid hydrolysis of CNCs. Ferrocene 
terminated polystyrene (PS-Fc, Mn = 3.2 K, PDI = 1.1, Scheme S1 
and Figures S1-S3) was dissolved in toluene and oxidized by 
sodium hypochlorite (NaClO, 40 mg mL-1) via an electron transfer 
reaction.[15,16,18] The resultant PS-Fc+-containing toluene solution 
was used as the oil phase. The interfacial activity of CNC-OSO3

- 
and PS-Fc+ at different pH was investigated firstly, using HCl (1.0 
mM) and NaOH (1.0 mM) solutions to vary the pH of aqueous 
phase. The time evolution of interfacial tension of the biphasic 
system was tracked by pendant drop tensiometry. Figure S4 
shows that, in the pH range of 3.0-10, the equilibrium interfacial 
tensions of the biphasic systems containing CNC-OSO3

- are 33-
35 mN m-1, close to that of the pure water-toluene system (36 mN 
m-1), indicating the interfacial inactivity of CNC-OSO3

-.[13] In 
contrast, the interfacial activity of PS-Fc+ is significantly affected 
by pH. When PS-Fc+ dissolved in toluene against water with a pH 
of 3.0, the interfacial tension decreases to 23 mN m−1 over 1200 
s (Figure 1a-b), reflecting the surfactant-like behavior of PS-Fc+. 
However, with the addition of NaOH, a reduced interfacial activity 
of PS-Fc+ is seen, as evidenced by the increase of the equilibrium 
interfacial tension. This pH-dependent interfacial activity of PS-
Fc+ is similar to that seen with amine functionalized ligands, such 
as amine-terminated polystyrene and amine-functionalized 
polyhedral oligomeric silsesquioxane.[10c,13,19] Under acidic 
conditions, the amine group is protonated, giving these ligands an 
amphiphilic character and a proclivity to assemble at the interface, 
reducing the interfacial tension. With the addition of base, 
deprotonation occurs, leading to an enhanced hydrophobicity and 
a suppression of interfacial activity. In above two cases with only 
CNC-OSO3

- dispersed in water or with only PS-Fc+ dissolved in 
toluene, when liquid is withdrawn from the droplet after 
equilibration, no wrinkling behavior is observed as the interfacial 
area decreases (Video S1), indicating that the interfacial 
assemblies are liquid-like in nature, and the binding energies of 
CNC-OSO3

- and PS-Fc+ to the interface are small. 

 

 
Figure 1. (a) Time evolution of interfacial tension and (b) equilibrium interfacial 
tension between PS-Fc+-containing toluene solution and pure water at different 
pH. (c) Time evolution of interfacial tension between PS-Fc+-containing toluene 
solution and CNC-OSO3--containing aqueous solution at different pH. (d) 
Equilibrium interfacial tension between PS-Fc+-containing toluene solution and 
CNC-OSO3--containing aqueous solution and surface coverage of CNC 
surfactant at different pH. (e) Schematics of the formation of CNC surfactants 
at the oil-water interface at different pH. [CNC-OSO3-] = 10 mg mL−1, [PS-Fc+] = 
10 mg mL−1. 

The cooperative assembly of CNC-OSO3
- and PS-Fc+ is 

reflected in the time-dependent interfacial tension. As shown in 
the Figure 1c, with PS-Fc+ in toluene and CNC-OSO3

- in water at 
pH of 3.0, the interfacial tension rapidly decreases to 18 mN m−1, 
much lower than that for systems containing only CNC-OSO3

- or 
PS-Fc+, indicating the formation of CNC surfactants. When 
compressing the interface after allowing 1200 s for assembly, 
wrinkles are observed on the droplet surface with an apparent 
surface coverage of 60% (Figure 1d and Video S2) that do not 
relax after 30 min, indicating that the binding energies of CNC 
surfactants to the interface are large enough to hold the jammed 
assemblies to against the compression. Since the formation of 
CNC surfactants is dictated by the electrostatic interaction 
between -Fc+ and -OSO3

-, the pH-dependent interfacial activity of 
PS-Fc+ endows the CNC surfactants with pH responsiveness. 
With the addition of NaOH, the suppressed interfacial activity of 
PS-Fc+ weakens the electrostatic interactions (Figure 1e). As a 
result, the equilibrium interfacial tension increases with increasing 
pH (Figure 1d), while the apparent surface coverage decreases, 
with no interfacial jamming occurring above a pH of 8.0 (Figure 
1d and Video S3). Furthermore, the interfacial activity and 
jamming of CNC surfactants can be finely controlled by varying 
the concentration of either CNC-OSO3

- or PS-Fc+ (Figure S5 and 
S6). Using oscillatory pendant drop tensiometry, the rheological 
properties of CNC surfactant-based interfacial assemblies were 
investigated. As shown in Figure S7, over the frequency range 
from 0.01 to 1.0 Hz, both the viscous (E’’(ω)) and elastic (E’(ω)) 
components of the modulus are obtained, with the elastic part 
dominating, demonstrating the elastic nature of the interfacial 



 

assemblies. 2D macroscopic films assembled by dense packing 
of CNC surfactants at the interface are evidenced by transmission 
electron microscopy (TEM), where the images show a robust co-
assembly of CNC-OSO3

- and PS-Fc+ (Figure S8). Water contact 
angle measurements on films transferred to silicon wafers yielded 
values of  ~102° (hydrophobic) and ~40° (hydrophilic) for the 
different sides of the film, refecting its Janus nature (Figure S9). 

By reducing Fc+ group to Fc group, the redox-responsiveness 
of CNC surfactants can be achieved. As shown in Figure 2a, with 
CNC-OSO3

- dispersed in water and reduced PS-Fc dissolved in 
toluene (PS-Fc is obtained by adding the reductant, hydrazine 
hydrate (N2H4), to the PS-Fc+-containing toluene solution), the 
equilibrium interfacial tension is 26 mN m-1, much higher than that 
of CNC surfactants (18 mN m−1), but close to that with only PS-Fc 
dissolved in toluene (27 mN m−1, Figure S10). When compressing 
the interface, wrinkles are observed at large compression, 
accompanied with a rapid relaxation (Figure 2b and Video S4). 
These results indicate the disassociation/disassembly of CNC 
surfactants, further evidencing that the formation of CNC 
surfactants is based on the ion pairing of Fc+-OSO3

-. By adjusting 
the amount of oxidant and reductant, the extent of oxidation and 
reduction of Fc+ can be precisely controlled, giving tunable 
interfacial activity of CNC surfactants, as shown by the equilibrium 
interfacial tension and surface coverage in Figure 2c-d and Figure 
S11. 
 

 

Figure 2. (a) Time evolution of interfacial tension in a reduction process. (b) 
Morphology evolution of pendent droplet in a compression process with CNC-
OSO3- in water and with PS-Fc+ (up) or PS-Fc (bottom) in toluene. (c-d) 
Equilibrium interfacial tension and surface coverage as a function of NaClO and 
N2H4 concentration. [CNC-OSO3-] = 10 mg mL−1, [PS-Fc] = 10 mg mL−1, [PS-
Fc+] = 10 mg mL−1, pH = 3.0. 

Oil-in-water (o/w) Pickering emulsions were prepared by 
vigorously stirring a mixture of a CNC-OSO3

- aqueous dispersion 
and a PS-Fc+ toluene solution at an oil/water ratio of 1:8, where 
the pH of the water phase was adjusted to 3.0. Nile Red was 
added to the oil phase to visualize the emulsion droplets by 
fluorescence microscopy. The emulsions have a long-term 
stability that can be retained for more than two weeks (Figure 
S12), indicating the irreversible anchoring of CNC surfactants to 
the surface of dispersed emulsion droplets that prevents 
coalescence. The droplet size is tunable from several tens to 
hundreds of microns by varying the oil/water ratio or the 
concentration of CNC-OSO3

- or PS-Fc+ (Figures S13-S15), which 

reflects the superior performance of CNC surfactants as 
emulsifiers. 

Since the CNC surfactants are responsive to pH and redox, it 
is necessary to determine these effects on the emulsion 
properties, in terms of stability and droplet size. We initiate the 
impact of pH. At a pH of 3.0, the emulsion droplets are stable and 
homogeneous with an average diameter of 57 μm (Figure 3a). An 
increase in the droplet size was observed with increasing pH, due 
to a decrease in the formation of CNC surfactants. At a pH of 9.0, 
the Pickering emulsion was not stable. The characteristics of the 
emulsions can also be adjusted by introducing a reductant. With 
the addition of N2H4, Fc+ is reduced to Fc, causing a 
disassociation of CNC surfactants. The emulsion droplets enlarge 
gradually as the amount of reductant increases and, coalesce 
when the concentration of N2H4 reaches to 0.06 mg mL-1 (Figure 
3b). Moreover, since the reduction of Fc+ can be triggered by 
electrochemical stimulation,[14b,16] voltage sensitive CNC 
surfactants and emulsions can be achieved. The voltage 
responsiveness of the emulsion was performed by using three 
electrodes systems. Figure 3c illustrates that the emulsion droplet 
size increases to over a hundred micrometers after applying a 
reductant voltage of -3.0 V for 10 min. By further increasing the 
reduction time, uniform droplets disappear and coalesce into giant 
droplets. A lower voltage of -1.0 V can also be used for triggering 
the demulsification process but it shows lower efficiency (Figure 
S16).[16a] 
 

 

Figure 3. Fluorescence microscopy images showing the coalescence of o/w 
Pickering emulsions by (a) increasing the pH of aqueous phase; (b) adding N2H4 
into the emulsion system; (c) applying a voltage of -3.0 V. Vo:Vw =1:8, [CNC-
OSO3-] = 10 mg mL-1, [PS-Fc+] = 10 mg mL-1, [Nile Red] = 0.5 mg mL-1, stirring 
rate = 1500 rpm, stirring time = 10 min. 

Emulsions stabilized by CNC surfactants can, therefore, be 
switched between stable and unstable states in response to pH, 
redox reagent, and voltage triggers. As shown in Figure 4a, the 
pH of the water phase was set to 9.0 to promote rapid 
demulsification, whereas the re-emulsification requires a pH of 
3.0. A coalescence and re-dispersion of emulsion droplets, 
accompanied with cargo release and re-encapsulation, can, 
therefore, be realized. Figure 4b and 4c show that this on-demand 
emulsification/demulsification can also be manipulated by 
alternatively adding N2H4 reductant and NaClO oxidant, or by 
applying voltages of -3.0 V and +3.0 V for 20 min. In brief, multi-
stimuli-responsive Pickering emulsions based on CNC 
surfactants have been developed, providing versatile approaches 
for delivery and release applications. As far as we know, this is 
the first case that using electrochemical stimulation to engineer 



 

the interfacial assembly of NPSs and NPS-based Pickering 
emulsions. 
 

 

Figure 4. Fluorescence microscope images of the 
emulsification/demulsification processes of o/w Pickering emulsions triggered 
by (a) pH, (b) redox reagents, and (c) voltage. Vo:Vw = 1:8, [CNC-OSO3-] = 10 
mg mL−1, [PS-Fc+] = 10 mg mL−1, [Nile Red] = 0.5 mg mL-1. 

It should be noted that, when using redox reagents as the 
trigger, due to the massive accumulation of salt produced in the 
redox process, CNCs in the continuous phase flocculate, limiting 
the switching to only one cycle. As for pH stimuli, since only a 
trace amount of NaOH and HCl solutions is required for pH 
adjusting, the NaCl produced is not sufficient to cause flocculation 
of the CNCs within three cycles, thus, the reformed emulsion is 
stable with no obvious change in droplet size (Figure S17). 
However, more cycles will cause a deterioration in the emulsion 
stability. In contrast, the voltage-triggered demulsification/re-
emulsification can be repeated multiple times without any 
flocculation or cargo release, due to the absence of salt formation 
(Figure S18). This simple, noninvasive, and repeatable switching 
allows the Pickering emulsions to be used for biocatalysis 
applications. 

Pickering emulsions have emerged as vehicles to conduct 
enzyme-involved biphasic biocatalysis reactions.[3c,4a,14b,20] Such 
emulsion systems enable catalytic reactions on the oil-dissolved 
substrates and water-dispersed enzymes. The solid barriers on 
the surface of the emulsion droplets, formed by the colloidal 
particles, inhibit the direct exposure of enzymes to organic 
solvents, protecting the enzymatic activity. Along with the 
enlarged interfacial area derived from the numerous droplets, a 
considerable catalytic efficiency can be obtained. CNC surfactant-
based Pickering emulsions are a promising platform for this 
Pickering-assisted enzymatic biocatalysis (PAEB) application, 
due to (1) the use of biocompatible CNC nanoparticles,[21] (2) the 
high catalysis efficiency arising from the large interfacial area, and 
(3) a re-usability given by the mild electrochemical stimulation. 

A representative hydrolysis reaction of olive oil was performed 
to evaluate the PAEB performance of the CNC surfactant-based 
emulsion system. The overall design is shown in Figure 5a. The 
emulsion biocatalysis system was built by stirring a mixture of an 
aqueous solution containing CNC-OSO3

- and lipase from Candida 
rugose (CRL), and a toluene solution containing PS-Fc and 
substrate of olive oil, at an oil/water ratio of 1:8 and under an 

oxidation voltage of +3.0 V. The pH of the water phase was 
adjusted to 3.0 to ensure the assembly of CNC surfactants. After 
the reaction, the Pickering emulsions were demulsified, triggered 
by a reduction voltage of -3.0 V, to obtain the oil phase. The PS-
Fc was separated by precipitating in methanol and the oleic acid 
product was collected after solvent evaporation. A conventional 
biphasic system was constructed for comparison, where the 
biocatalysis reaction performs in equal conditions but absent CNC 
surfactants. 

As shown in Figure 5b and Figure S19, the hydrolysis 
conversion conducted in Pickering emulsion progresses over time 
and reaches to a conversion efficiency of 96% at 5.0 h. Further, 
to demonstrate the crucial role of interfacial area on the catalysis 
efficiency, the size of the emulsion droplet was varied. Figure S13 
shows that the diameter of emulsion droplets increases by 
enlarging the volume fraction of oil. As a result, the interfacial 
areas reduce, limiting the accessibility of enzymes and 
suppressing the catalytic reaction (Figure 5c and Figure S20). An 
on-demand product separation and re-emulsification was 
achieved by applying a voltage of -3.0 and +3.0 V, respectively, 
giving the system a cyclic biocatalytic ability. Figure 5d and Figure 
S21 show that the conversion efficiency of the reaction, after five 
cycles, is still much higher than that in the first cycle of biphasic 
systems (34%, Figure S22). The apparent loss in efficiency after 
each cycle is caused by the shear-sensitivity of enzyme.[14b,22] 
However, it may be possible to address this issue by selecting 
NPs that can encapsulate the enzyme within their inner cavity,[23] 
then forming NPSs with PS-Fc+ ligands to conduct the Pickering 
interfacial biocatalysis. 
 

 

 
Figure 5. (a) Schematics of the voltage-responsive o/w Pickering emulsion for 
recyclable PAEB application. (b) Hydrolysis conversion efficiency of olive oil to 
oleic acid as a function of time. Vo:Vw = 1:8. (c) The size effect of Pickering 
emulsion on the hydrolysis conversion efficiency. Reaction time = 4.0 h. (d) Re-
usability in 5 cycles. Vo:Vw = 1:8, reaction time = 4.0 h. pH = 3.0, [CNC-OSO3-] 
= 10 mg mL-1, [PS-Fc] = 10 mg mL-1, [CRL] = 10 mg mL−1. 

In summary, we have demonstrated the pH and redox-
responsive Pickering emulsions stabilized by CNC surfactants. 
The CNC surfactants form by electrostatic interactions between 
CNC-OSO3

- and PS-Fc+ at the oil-water interface. The precise 
control in tuning the electrostatic interactions enables the 
switching of interfacial assembly/disassembly of CNC surfactants, 
imparting their emulsions with a switchable 
emulsification/demulsification capability for encapsulation/release 
applications. A novel electrochemical responsiveness is 



 

demonstrated for an NPS system, affording a simple, noninvasive, 
and repeatable route to control emulsions, enabling a PAEB 
application with high catalysis efficiency and re-usability. The co-
assembly concept described offers unique opportunities to 
integrate functional NPs into the liquid-liquid interface, opening an 
avenue for Pickering interfacial catalysis applications. 
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Using electrostatic interactions between sulphated cellulose nanocrystals (CNC-OSO3
-) and ferrocenium terminated polystyrene (PS-

Fc+) at the oil-water interface, a new type of smart surfactant, termed CNC surfactants, is presented. With CNC surfactants serving as 
emulsifiers, pH and redox responsive Pickering emulsions are achieved, showing promising applications in encapsulation, biocatalysis, 
and micro-reactions. 

 




