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The micro- or nanoparticles that 
assemble to the oil–water interface 
make the difference here. They provide 
stability to the biphasic environment, 
stimuli-responsiveness, and structural 
controllability at the micrometer- and 
nanometer-scale.[13–15]

Adjustable permeability is one key fea-
ture of PEs qualifying them for applica-
tions in drug or nutrient delivery,[16] as 
reaction environment,[13] or water reme-
diation from organic pollutants.[17,18] 
Important factors that influence the 
permeability are the porosity the parti-
cles create at the interface as well as the 
affinity of, for example, the encapsulated 
compound to the particle shell defining 
specific and non-specific interactions. 
Whereas the porosity has been described 
to depend on the size, shape and number 
of particles covering the interface,[19,20] 
affinity characteristics correspond to the 
surface chemistry of the material.[21] Addi-
tionally, the ability to release cargo under 
pre-determined stimuli is a key feature 
in, for example, drug delivery systems[22] 

or, if several uptake–release cycles are successfully achieved, a 
reusable and sustainable removal of contaminants from waste 
water. Therefore, PEs show an enormous potential to con-
tribute to the United Nations Sustainable Development Goal #6 
– Clean Water and Sanitation.

Important design parameters that control the formation, 
stability and properties of PEs are: 1) the water phase condi-
tions, including pH and ionic strength; 2) the oil phase con-
ditions, particularly, the oil polarity; 3) the oil–water ratio;  
4) the amount, aspect ratio, surface chemistry, and roughness 
of the (nano)particles; and 5) the emulsification process (e.g., 
sonication versus microfluidic techniques).[23–26] Hence, under-
standing these parameters and the mechanisms behind the 
particle assembly at liquid–liquid interfaces in detail, unfolds 
the full potential of PEs as material platform and ultimately 
facilitates commercial applications.

Biopolymer nanoparticles, like the rod-shaped cellulose 
nanocrystals (CNCs), are well-established, effective emulsion 
stabilizers, which has been addressed in a wide range of recent 
reviews.[23–25,27,28] CNCs are isolated top-down from plants or 
bacterial cellulose. Their surface chemistry is a result of the 
isolation approach—typically, acid hydrolysis—introducing, 
for example, negative charges (OSO3

− or COO−) to the 

Particle-stabilized emulsions, so-called Pickering emulsions (PEs), are a 
promising low-tech avenue to precisely engineered materials for applications 
in drug delivery, catalysis, or water remediation. The particle assembly at the 
liquid–liquid interface provides superior stability and an adjustable perme-
ability, which is a key parameter for controllable compound capture and 
release. However, understanding the complex factors that control the particle 
assembly in detail is a still-remaining challenge limiting practical applications 
of PEs in an industrial framework. In this study, the properties of oil-in-water 
emulsions, stabilized by cellulose nanocrystals (CNCs), are investigated. 
It is shown how high ionic strength leads to low polydispersity droplets, 
with restricted permeability across the oil-water interface due to the dense 
packing of the CNC layer. In contrast, lower electrolyte concentration enables 
enhanced uptake through the interface, while providing the required stability 
for the reusability of the material. The authors continue to study the impact of 
the electrolyte content on the dynamic responses of the emulsions, leading to 
a liquid–liquid system with tunable cyclic uptake and release levels. Overall, 
the results highlight the potential of nanocellulose-stabilized emulsions as 
tunable and robust material platform with well-defined permeability charac-
teristics—made in a simple way.
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1. Introduction

Particle-stabilized emulsions, known as Pickering emulsions 
(PEs), are a fascinating and versatile platform for functional 
materials: from the synthesis of Janus particles,[1–3] over colloi-
dosomes that compartmentalize incompatible reactants[4,5] or 
function as a reaction environment for cascade reactions,[6–8] to 
PE-based functional foams[9,10] and biphasic gels.[11,12]

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution-NonCommercial-NoDerivs License, which 
permits use and distribution in any medium, provided the original work 
is properly cited, the use is non-commercial and no modifications or 
adaptations are made.
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nanocrystal surface.[29] As a result of their inherent hydrophi-
licity, CNCs form oil-in-water (o/w) emulsions.[30] Alterations 
of the surface chemistry, for instance, by hydrophobization, can 
increase the emulsion stability,[31] or enable inverse water-in-oil 
(w/o) PEs[32] and even double o/w/o emulsions.[33]

Charged groups (e.g., OSO3
− or COO−) on the CNC sur-

face and the charge density per se affect the emulsion stability 
and the structure and porosity of the CNC layer at the interface, 
where electric repulsion between the anionic CNCs can lead to 
a destabilization of the emulsion.[30,34] On the other hand, the 
formation of uniform monolayers at the o/w interface is facili-
tated by the surface charge of the nanocrystals and their col-
loidal properties in aqueous dispersion.[30,35,36] Lowering the 
surface charge density enhances the stabilization of the CNCs 
at the o/w interface,[34] but can also lead to larger CNC aggre-
gates and emulsions with non-even interfacial layers.[30]

The addition of NaCl is a reliable way to screen the negative 
charges on the CNC surface, which improves the emulsion sta-
bility.[37,38] Above the critical concentration range, where charge 
screening and the CNC colloidal stability in water are in bal-
ance, NaCl increasingly causes the formation of large, yet stable 
nanocrystal aggregates.[39,40] In biphasic systems, the electrolyte 
content directly affects the adsorption of CNCs to oil–water 
and air–water interfaces and the interfacial properties.[35,36] 
Studies on flat, non-emulsified o/w systems have shown that 
the presence of NaCl in the water phase enhances the adsorp-
tion kinetics of anionic CNCs to the interface by increasing the 
surface pressure.[35,36] The addition of NaCl further increased 
the interface load with CNCs and the viscoelastic properties of 
the interfacial layer.

In the emulsified state, that is, after high-shear emulsifica-
tion, the exact effect of the electrolyte content on the interfacial 
CNC assembly is not yet well understood and, especially, the 
translation of this effect to specific material properties like per-
meability characteristics. This study therefore targets to under-
stand how the electrolyte content can be systematically used to 
control the formation and tune the permeability of o/w PEs, 
which were stabilized by C6-carboxylated (COO−) CNCs. We 
monitor this tunability by laser-light diffraction and a combined 
setup of fluorescence spectroscopy, fluorescence microscopy, 
and time-resolved experiments using the Nile red (NR) dye as 
model compound. The solvatochromic properties of NR enable 
permeation across the o/w interface to be monitored, which 
gives in-depth information on the interfacial properties, as well 
as the uptake capacity. With this experimental setup we will 
show that the electrolyte content is an important design para-
meter when transferring PEs into material applications. Ulti-
mately, it’s the understanding of, and control over, the rather 
simplistic formation of biopolymer-stabilized emulsions that 
facilitate their use as a versatile material platform.

2. Results and Discussion

Oil-in-water PEs (40:60, v/v) were prepared with 0.50 wt% car-
boxylated CNCs (see Figure S1a, Supporting Information) in 
the bulk water phase. Dodecane was used as oil phase, which 
is a very common choice for this type of fundamental, proof-of-
concept studies. However, we would expect a significant impact 

of the oil phase and, especially, its polarity on the stability 
and properties of the formed PE droplets.[36] The CNCs were 
obtained from bacterial cellulose (BC) by HCl-gas hydrolysis 
followed by an oxidative treatment with (2,2,6,6-tetramethylpi-
peridin-1-yl)oxyl (TEMPO) and NaOCl[41] to a degree of polym-
erization (see Section S2a, Supporting Information) of 291 
and a relatively low carboxylate content of 0.378 ± 0.011 mmol 
COO−/g BC. Disintegration of the hydrolyzed and oxidized 
fibers was achieved by high-pressure microfluidization. The 
obtained nanocrystals formed stable aqueous dispersions (zeta 
potential [ζ]: −31.7  mV, pH 7.3) and had a comparably large 
crystal length distribution of 168 ± 129  nm (see Figure S1b, 
Supporting Information).

The impact of the electrolyte content on the emulsion droplet 
formation (Figure 1) was systematically investigated in a NaCl 
concentration [NaCl] range from 0 to 100  mm. Salt-free emul-
sions were stable when freshly prepared. Within 24 h, however, 
macroscopic phase separation was observed, which was also evi-
dent from the large droplet size distribution determined by laser-
light diffraction (Figure  1b and Table S1, Supporting Informa-
tion). The stability of the emulsion system increased notably at 
a low [NaCl] of 10 mm. Increasing salt concentrations from 10 to 
100 mm, decreased the median droplet sizes (d50) and the droplet 
size distribution reached a plateau. This is likely associated with 
the aspect ratio of the CNCs and their possible maximum load 
at the interface. Concomitantly to the increasing water phase 
density at higher [NaCl],[42] creaming increased significantly 
(Figure 1a) forming a dense and clustered layer of small, homo-
geneous PE droplets, which appeared to be aggregated at 100 mm 
NaCl. Similar observations were also made by Liu et al.[43]

Emulsion stability and droplet size distribution follow a 
very clear trend: the increased stability of the emulsions and 
the high number of small droplets may be associated with the 
screening of the anionic CNC surface charges upon NaCl addi-
tion and an enhancement of the surface pressure, as described 
in the literature.[44] These effects, together with the high shear 
forces during mixing, likely resulted in a fast adsorption of 
the charged CNCs to the o/w interface and a fast and homo-
geneous dispersion of the oil droplets in the water phase. This 
interpretation is in line with studies where the adsorption of 
anionic CNCs, bearing OSO3

− groups, to air–water and oil–
water interfaces has been measured as a function of the surface 
pressure at increasing NaCl concentration.[35,36] Therefore, we 
expect that our results for carboxylated CNCs can be translated 
to other negatively charged CNCs and that the impact of the 
electrolyte concentration would correspond to the CNC surface 
charge density.[30,34] Moreover, as it was described by Kalash-
nikova et  al., the droplet diameter is inversely proportional 
to the amount of CNCs available for the interface stabiliza-
tion.[20] Hence, the more CNCs adsorb to the o/w interface at 
the increasing [NaCl], the smaller the droplets get; and this has 
been clearly shown for our PEs.

2.1. Fluorescence Spectroscopy

Fluorescence spectroscopy was used to elucidate the effects 
of NaCl on the assembly of the TEMPO-CNCs to the o/w 
interface and, moreover, on the possible control of the droplet 
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permeability. Nile red (NR) was used as a model compound. 
This dye has solvent-dependent (solvatochromic) optical prop-
erties. Excited at a fixed wavelength of 535 nm, NR has its emis-
sion maximum at 635 nm when bound to the CNCs in water 
suspensions, whereas when dissolved in dodecane, the emis-
sion maximum shifts to 570  nm (see Figure S2, Supporting 
Information). Consequently, permeation of NR across the inter-
face into the droplet core (Figure 2a–c) causes a significant shift 
in the dye’s fluorescence emission spectrum and delivers valu-
able information on the interface properties. In water, NR is 
poorly soluble and shows a highly quenched fluorescent signal 
centered at ca. 660 nm.

For the spectroscopic analysis (Figure 2d,e), the PEs ([NaCl]: 
0–100 mm) were equilibrated with NR at 50 nm for 1 h. This low 
dye concentration does enable the investigation of the initial 
distribution of the dye in different PEs, below a possible satura-
tion of the o/w interface and the dodecane core.

The dye partitioning after equilibration is, according to the 
fluorescence emission spectra (Figure  2d), clearly affected by 
the salt content. For higher salt concentrations (20, 50, and 
100 mm), the dye mainly accumulated at the droplet interfaces 
(λem  = 630  nm), associated with the CNCs. At 10  mm NaCl, 
NR is distributed between the dodecane phase (λem = 570 nm) 
and the interface, resulting in two distinct emission maxima. 
In salt-free emulsions, the strongest detectable fluorescent 
signal originates from a dye dissolved in dodecane. Single-
point analysis at 570 and 630  nm (Figure  2e) provides more 

precise, semi-quantitative information on the dye partitioning 
in the different PE systems, which follows a very clear trend: 
the fluorescence emission at 630 nm (i.e., NR at o/w interface) 
increases significantly with the salt concentration, whereas the 
fluorescence emission at 570 nm (i.e., NR at dodecane phase) 
declines. Overall, this trend suggests a restricted permeability 
of the CNC interface layer at high [NaCl]. This could either 
originate from a reduced porosity, or from stronger interactions 
between NR and the CNCs at the interface. Both explanations 
would suggest a higher number of nanocrystals and denser 
packing of the interfacial CNC layer[36] (Figure 2c) at high elec-
trolyte contents. The impact of porosity on the permeation of a 
small molecule like NR is less likely, since we expect nanopores 
even in densely packed CNC layers.

Another important observation is the high fluctuation of the 
570 nm signal in the PEs with 0 and 10 mm NaCl. This might 
further correspond to the lower stability of those emulsions—
hence, free dodecane due to a starting phase separation or an 
insufficient emulsification. This issue is further explored below.

To investigate how the dye partitioning is affected by an 
increasing availability of NR, we carried out a titration experi-
ment, varying the ratio between NR-to-PE droplets. The NR 
concentration was kept constant at 5 µm to avoid concentration-
related effects, and PEs with 10, 20 and 50 mm NaCl, for which 
we expected the most significant changes, were diluted with salt 
solution (see Tables S2 and S3, Supporting Information). The 
decrease of PE available, correlated to the CNC concentration 

Figure 1.  Dodecane-in-water (40:60, v/v) emulsions stabilized with 0.50 wt% TEMPO-oxidized CNCs: a) photographs and microscopic contrast images 
(10× magnification, scale bar in all images: 100 µm) of emulsions with increasing molarity of NaCl in the water phase and the resulting median (d50) 
droplet sizes. All PEs were diluted 1:2 (v/v) with DI water or NaCl solution for the image acquisition. b) Average droplet size distribution measured 
by laser-light diffraction.
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(in nanomoles per milligram), is effectively increasing the NR-
to-PE ratio (Figure 3).

In the initial, undiluted emulsions, the fluorescence emis-
sion spectra (Figure  3a) show the same trend as observed 
before (Figure  2d) for the low NR concentration: the 570  nm 
signal (dodecane phase) decreases significantly with the 
increasing salt concentration. When increasing the dye-to-PE 
ratio (i.e., effectively increasing the NR concentration), the dye 
started to permeate into the droplets of all three PEs, albeit to a 
different extent depending on the salt concentration. Figure 3b 
shows the single-point-analysis at 570 and 630 nm. Accordingly, 
the 630 nm signal follows the same trend for all three PEs and 
reaches similar emission values, whereas the oil-core emis-
sion is significantly lower for the 50 mm PE. At 50 mm NaCl, 
the uptake (marked with a sharp increase in signal) occurs at 
higher NR/CNC ratios and the oil-core fluorescence reaches 
just a fraction of the emission value of the 10 or 20 mm NaCl 
PEs. Hence, NR needs to be in a higher ratio to the PEs to pro-
mote the crossing of the o/w interface. These observations are 
schematically summarized in Figure 3c.

The behavior of NR itself is counterintuitive, as this hydro-
phobic dye would theoretically migrate more efficiently to the 
oil phase at increasing ionic strengths in the bulk water. This, 
combined with the observed partitioning of the dye, is another 
indication for the restricted permeability of the droplet interface 
due to denser CNC packing and enhanced CNC-NR interactions 
at high NaCl concentrations. However, for a further elucidation 

and interpretation of these interactions, fluorescence spec-
troscopy has several clear limitations. First, it is impossible 
to distinguish between the dodecane phase encapsulated by 
CNCs and free dodecane outside the emulsion droplets. The 
same applies to free, dispersed CNCs in the bulk water phase 
or CNCs assembled at the interface. Moreover, the decrease 
of the fluorescence emission from the oil-core at increasing 
salt concentrations might simply coincide with the decreasing 
droplet sizes, improving the distribution of dye at the CNC 
interface layer. For instance, the surface-area-to-volume ratio 
(see Table S1, Supporting Information), calculated from the 
median (d50) droplet sizes, increases from 0.05 (0 mm NaCl) to  
0.72 (100 mm NaCl) and, thus, the available droplet surface area 
for the dye adsorption. It has been also shown that the fluores-
cence of NR quenches when the dye molecules aggregate in con-
fined space, which might explain the lower fluorescence emis-
sion in the smaller droplets at high [NaCl].[45] Particularly, the 
role of the particle size on the dye partitioning will be addressed 
in the following microscopy section showing that the ratio 
between interface to oil core fluorescence is size-independent.

2.2. Fluorescence Microscopy

Getting around the limitations of spectroscopy, fluorescence 
microscopy was used as a complementary method to observe 
the behavior of single, immobilized droplets. The different 

Figure 2.  a–c) Schematic illustration of a) a CNC-stabilized emulsion droplet and b,c) the solvatochromic experiments in PEs showing the effect of the 
salt concentration on the partitioning of NR. b) NR adsorbs to the o/w interface and interacts with the CNCs (λem = 630 nm) assembled there. c) At 
high electrolyte contents, densification of the CNC layer at the o/w interface leads to enhanced CNC-NR interactions and a slower permeation of the 
dye into the droplet core. At low [NaCl], the dye permeation across the interface is more favorable resulting in a stronger fluorescence signal from the 
oil phase (λem = 570 nm). d) Fluorescence spectra (empty circles: measured, average data [n = 3]); line: added trend line) and e) single-point-analysis 
(average values [n = 3], error bars: standard deviation) reveal how the [NaCl] affected the dye partitioning between interface and droplet core in PEs 
equilibrated with a low NR charge (50 nm).
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PEs ([NaCl]: 0–100  mm) were equilibrated with NR at 10  µm 
for 1 h, giving a sufficient fluorescence signal, and the droplets 
were immobilized on polyethylenimine (PEI)-coated micros-
copy slides. With this, potentially free, non-encapsulated oil 
phase could be washed off. A combined setup with two dif-
ferent fluorescence filters enabled a separate observation of 
the fluorescence signal from the interface (λex  = 528–550  nm 
λem = 615–675 nm), appearing as a smooth, homogeneous layer, 
and the signal from the dodecane core (λex  = 528–550  nm, 
λem  = 560–584  nm) filling the entire droplet area (Figure 4a). 
Additionally, a counterstaining of the droplets with Calcofluor 
white (CFW, λex  = 418–442  nm, λem  = 461–485  nm) selectively 
stained the CNCs as a control for specific localization at the 
interface. Besides, the CFW stain clearly revealed the presence 
of a significant amount of free CNCs in the bulk water phase of 
the 10 mm NaCl PE which, hence, were not adsorbed to the o/w 
interface (see Figure S3 and Section S5b, Supporting Informa-
tion). At the droplet focus point, however, these non-adsorbed 
CNCs were not detectable and did not interfere with the image 
acquisition.

The CFW staining was observable as hollow shells, and com-
parable to the appearance of NR residing at the o/w interface. 
However, compared to CFW, NR seems to form a very even 
layer at the interface. This can be simply explained by the dif-
ferent specific and non-specific interactions of the two dyes 
with the CNCs and their solubility in the water and oil phase, 
which determines interactions with the o/w interface. Due to 
its lipophilic nature, NR distributes between o/w interface and 
the dodecane core, where it preferably accumulates.[46] Hence, 
the dye very likely interacts non-specifically with the CNCs 
from both the water and the oil side of the interface. In con-
trast, CFW is known to very specifically bind to the OH-groups 
of polysaccharides[47] which are, according to the current pre-
vailing model,[30] immersed in the water phase. However, the 
resolution threshold limits further insights of the interface 
morphology.

3D reconstructions (Figure 4b; Movies S1 and S2, Supporting 
Information) illustrate even more clearly the partitioning of NR 
in the different chemical environments. CFW and NR at the 
interface appear as hollow spheres, while the NR fluorescence 

Figure 3.  Titration of a constant concentration of NR (5 µm) with decreasing amount of PE (given in milligrams CNC). The development of the average 
(n = 3) fluorescence spectra (a) and the average (n = 3) single-point fluorescence at 570 and 630 nm (b), with respect to the salt content ([NaCl]: 
10, 20 or 50 mm), shows that with increasing NR/CNC ratio, more NR is present in the dodecane core for all three salt concentrations. However, as 
schematically illustrated in (c), whereas the adsorption of NR to the interface occurs to the same extent for all [NaCl], the permeation of NR into the 
oil-core decreases significantly at 50 mm NaCl.
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from the dodecane phase emerges as solid, filled droplets. 
Overlaying the different channels (Figure 4c) further highlights 
the different locations of the dyes. This counterstaining experi-
ment, thus, confirms and increases our understanding of the 
localization of the solvatochromic dye.

Equilibration of the different PEs ([NaCl]: 0–100  mm) with 
NR (10 µm) resulted in a very different appearance of the drop-
lets in the red (630 nm), orange (570 nm) (Figure S4, Supporting 
Information), and merged red/orange channel (Figure 5a). 
From each channel, a fluorescence profile can be extracted for 
single, selected particles (Figure  5b), which were very distinct 
for the different salt concentrations. Moreover, the extracted 
core-to-interface (570-to-630  nm) relative fluorescence units 

(RFU) ratio can provide essential information on the dye parti-
tioning with respect to the [NaCl] (Figure 5c), similar to fluores-
cence spectroscopy for the emulsion bulk (see Figure 3b). Here, 
the RFU ratio was measured over the whole droplet area for 
50 selected droplets in a diameter range between ca. 3–55 µm. 
With this, fluorescence microscopy provides a direct correla-
tion between dye distribution and droplet size. Over the meas-
ured droplet size range, the partitioning of the dye between 
core-to-interface is size-independent. This is a key result and 
essential information that was missing from fluorescence spec-
troscopy. The RFU ratio remains constant despite the particle 
diameter but decreases linearly from 0 to 50 mm NaCl. Hence, 
this behavior is solely an effect of the salt concentration, which 

Figure 4.  Counterstaining of the PE droplets (10 mm NaCl, immobilized on PEI-coated glass slides) with calcofluor white (CFW, right, chemical struc-
ture shown) and NR (left and middle, 10 µm) for fluorescence microscopy (zoom-in, 100× magnification, scale bar in all images: 20 µm): a) while CFW 
only stains the CNCs at the o/w interface with high selectivity, NR distributes between the o/w interface and the droplet core. 3D z-stack reconstruc-
tions (70° viewing angle) (b) and overlays (c) of the different channels clearly show the difference between the smooth interface, the CNC interfacial 
layer, and the filled oil droplet core.
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again suggests differences in the interface properties associated 
with the CNC layer density. We can also exclude our aforemen-
tioned speculation that the dye distribution coincides with the 
increasing surface-area-to-volume ratio.

Surprisingly, for the highest salt concentration of 100  mm 
NaCl, the RFU 570/630 ratio increases again, indicating the 
higher presence of dye in the droplet core when compared to 
[NaCl] = 50  mm. This observation might be explained by an 
increased, uncontrolled aggregation of the CNCs at 100  mm 
NaCl since the formation of a smooth nanocrystal monolayer at 
the interface is based on a sensitive interplay between surface 
charge screening and colloidal stability.[30,40] This aggregation 
could increase the porosity of the interfacial CNC layer leading 
to a faster NR permeation, while decreasing the available CNC 
surface area for the CNC-dye interactions.

2.3. Time-Resolved Nile Red Uptake

To further investigate the impact of the NaCl concentration 
on the dye interface adsorption and core permeation rate, we 

carried out time-resolved, dynamic experiments. This allowed 
stepwise droplet loading with NR. The applied dynamic flow 
led to the detachment of the PE droplets from the PEI-coated 
glass slides. For this reason, we switched to poly-l-lysine for 
the immobilization, which provided superior attachment of PE 
droplets to the glass surface. Microscopy images (Figure 6a) 
were acquired every 2 min, for a total of three different areas 
on the glass slide, acquiring both the red (630  nm filter) and 
orange (570 nm filter) intensities. After the droplets were suffi-
ciently immobilized and before the addition of NR, the droplets 
were stained with CFW (55 µm). This counterstaining served as 
a stability factor during the experiment, as it enabled the moni-
toring of potential changes in the CNC layer. After staining the 
droplets with CFW, NR was loaded to the system by increasing 
the concentration stepwise from 1 to 5 µm. Any potential effects 
of the CFW counterstain on the later NR uptake of the PE drop-
lets, was excluded by measuring the 570/630  nm RFU ratios 
of particles stained with both dyes (see Figure S5, Supporting 
Information), as compared to our approach in Figure 5c. This 
shows that the extracted ratios for counterstained droplets 

Figure 5.  Fluorescence microscopy with PEs equilibrated with 10 µm NR: a) micrographs (20× magnification, scale bar: 100 µm) showing the merged 
orange (oil-core emission, 570 nm) and red (interface emission, 630 nm) fluorescence channel for the different PEs ([NaCl]: 0–100 mm). The RFU 
profiles in (b) correspond to the zoom-ins of the highlighted droplets in (a) and their 570 and 630-nm fluorescence signal, recorded over the emulsion 
droplet cross section. The RFU ratios (oil-core versus interface) in (c) were calculated for 50 selected droplets (single data points shown) for each NaCl 
concentration and with respect to the droplet size. This proofs that the dye distribution between core and interface is size-independent.
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are closely related following the same trend that we observed 
before. Hence, CFW does not seem to influence the ratio 
between interface to droplet core fluorescence.

The micrographs in Figure  6a already show, for all three 
PEs, a relatively low interface NR fluorescence without any sig-
nificant intensity increase with the increasing dye concentration. 
The oil-core fluorescence, in turn, visually increases throughout 
the feeding experiment, especially for the 10 and 20  mm NaCl 
PEs. The microscopy images also show the robustness of the PE 
droplets, which remain intact despite the significantly changing 

surrounding conditions (e.g., excess of hydrophobic dye). The 
slight decrease in the cyan CFW fluorescence intensity arises 
from photobleaching effects due to the continuous exposure over 
the acquisition time, which we could also observe in a repeated 
exposure experiment (Figure S6, Supporting Information). Photo
bleaching affects all fluorescent dyes. However, the continuous/
periodic addition of NR negates the observable photobleaching 
effects in the orange (570 nm) and red (630 nm) channels.

Figure 6b shows the development of the relative fluorescence 
emission intensity, acquired for the 630  nm and the 570  nm 

Figure 6.  Time-resolved NR adsorption and permeation experiments with PE droplets ([NaCl]: 10, 20, or 50 mm) immobilized on poly-l-lysine coated 
glass slides and upon stepwise increasing the NR concentration from 1–5 µm: a) microscopy contrast images (top) and fluorescent images acquired 
with the different filters for NR (570 and 630-nm channel, middle) and CFW (bottom) (20× magnification, scale bar: 10 µm). The images were taken 
at different times during the NR-addition, corresponding to the points (gray circles) marked in (b). b) The development of the fluorescence intensities 
of the red (630 nm, o/w interface) and orange (570 nm, droplet core) channel, measured over the time, shows an early dye saturation at the interface, 
while NR continues to permeate into the droplet core for all salt concentrations at different permeation rates. The highlighted red/orange lines cor-
respond to the average (n = 7) of 7 individual droplets (faint lines), originating from three separate regions on the slide.
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channel over time and with respect to the injected NR concen-
tration. It must be noted here that fluorescence intensity meas-
urements are highly sensitive. Fluctuations in the single signals 
can, for example, already result from free droplets passing by 
the camera. Nevertheless, despite the observable fluctuations, 
the trend is very clear for each of the PEs.

For all [NaCl] studied, the o/w interface seems to saturate 
quickly already after injecting the 1  µm NR solution, as indi-
cated by the overall plateauing RFU for the 630  nm channel. 
The maximum interface fluorescence is relatively low (ca. 
40–280 RFU) for all three PEs, which makes it difficult to 
observe any correlation with the salt content.

The droplet cores show a completely different development, 
with obvious differences for the three PEs. The 570  nm RFU 
intensity increases significantly with the increasing injected 
dye concentration. Particularly for the 10 and the 20 mm NaCl 
PE, the initial dye permeation into the droplets is very rapid 
after each new injection and plateaus or even starts to slightly 
decrease after about halfway in each NR cycle. This might indi-
cate an equilibrium between dye incorporation and release 
adjusting itself while the dye concentration is kept constant, 
or slow photobleaching. Especially at high NR, the decrease in 
570  nm signal could indicate droplet core saturation with dye 
and, consequently, fluorescence quenching.[45]

In contrast to the PEs prepared at 10 and 20  mm NaCl, 
the NR permeation into the 50  mm PE droplets followed an 
almost linear trend and a constant increase with the increasing 
dye concentration. A sign for droplet core saturation was not 
observed.

To provide quantitative analysis of the dye permeation into 
the different PE droplets, permeation rates were extracted, as 
a rough estimate, from linear fits (see Figure S7, Supporting 
Information) of the initial increase of the 570 nm fluorescence 
signal after each dye addition. Accordingly, the dye permeation 
rate into the 50  mm PE droplets was comparably slow (7–11 
RFU/min) and steady without any significant increase for 
the higher dye concentrations. The 10 mm PE droplets gave a 
more than 4 times higher rate (ca. 38 RFU/min) in the RFU 
increase compared to the 50 mm PE. In the case of the 20 mm 
PE, the oil-core fluorescence level was comparable to the 10 mm 
PE droplets, but with relatively strong differences in the rate 
(11–49 RFU/min).

Overall, the time-resolved dye adsorption and permeation 
experiments support the trend we observed in this study: after 
rapid saturation of the o/w interface, NR continues to permeate 
into the oil droplet core. The rate of this permeation coincides 
with the salt concentration, which determines the density of the 
CNC layer at the o/w interface during the emulsion formation.

The lack of permeation into the droplet core at higher NaCl 
concentrations, for example, 50  mm, is related to non-spe-
cific interactions with the CNCs from the water and oil side. 
Consequently, densification of the CNC layer at the interface 
increases the accessible surface area for interactions with the 
dye molecules. Another key feature of our PE system is its 
remarkable robustness. What seems to matter for their stability 
are solely the conditions during the emulsion formation. The 
later change of the surrounding environment, as in our study 
(e.g., the excess of a hydrophobic dye, the presence of DMSO), 
did not affect the stability of the formed emulsion.

The permeability properties of the PE droplets motivated us 
to further explore their dynamic behavior and study the con-
tinuous filling and discharge of the droplet core. We used a 
comparable setup as with the time-resolved NR capture, with 
droplets immobilized on the microscopy slide. A 2.5  µm con-
centration of NR was used to fill the droplet core. Each filling 
was followed by a wash with DI water to remove excess of dye 
from the liquid surrounding the droplets. After that, the droplet 
core was discharged/depleted using a 5% DMSO solution as a 
trigger (as illustrated in Figure 7a). These steps were repeated 
for 5 cycles.

We compared the 10 and 50 mm NaCl droplets and observed 
a strong core fluorescence (57  nm, orange channel) in the 
10 mm droplets, which was mostly absent in the 50 mm droplet 
core (Figure  7b,c,e). As expected, the 10 mm core had about a 
three- to fourfold increased capacity/intensity. In both the 10 
and 50  mm NaCl droplets, the discharge cycles in 5% DMSO 
emptied the droplet cores stepwise, with levels almost reaching 
that of the background, indicating efficient discharge of the 
whole core. The interface fluorescence (630  nm, red channel) 
also demonstrated differences between the 10 and 50  mm, 
especially at the start of the first cycle (Figure S8, Supporting 
Information). After the third cycle, the shell intensities levelled 
off to comparable levels. This might indicate for changes in the 
CNC-covered interfacial layer of the 10  mm PE droplets. Nev-
ertheless, both the 10 and 50  mm NaCl PE droplets displayed 
remarkable stability throughout the dynamic cycling. No visual 
changes in the capacity of the droplet core could be observed, 
even after repeated filling and discharging cycles. Analysis of 
the amplitude also reveals solid durability (Figure  7d). Espe-
cially for the 10  mm NaCl PE droplets, the amplitude of the 
droplet core remains stable throughout the five cycles, filling 
and discharging to comparable levels, thus, rendering a proof-
of-concept of the reusability of this material. With this, we 
demonstrate the effortless extraction of a captured compound 
from a liquid–liquid environment through change of the sur-
rounding phase conditions—a remarkable feature rendering 
this simple, low-tech system a unique material platform for 
applications in membranes, as well as controlled compound 
release. Besides the simplicity of the system, its adaptability, for 
example, through changes of the CNC surface chemistry, pro-
vides seemingly unlimited possibilities for tuning PEs toward 
the captured or released compound. For future studies, it would 
be highly interesting to investigate the interplay between com-
pounds of different chemical natures and the surface chemistry 
of the CNCs. Also other factors, like the polarity of the encap-
sulated oil phase, might significantly affect the performance of 
CNC-stabilized PEs in compound capture and release.

3. Conclusion

In this study, we demonstrated the exceptional properties of 
seemingly a very simple system: we controlled the formation 
of oil-in-water Pickering emulsions, stabilized by negatively 
charged (COO−) cellulose nanocrystals, at a micrometer- (i.e., 
the droplet sizes) and nanometer-scale (the CNC interface 
assembly) by systematically adjusting the electrolyte content in 
the water phase.
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The addition of NaCl led to a stabilization of the biphasic 
system already at low salt concentrations (10  mm), and to 
decreasing droplet sizes with the increasing [NaCl]. The o/w 
interface permeability, probed with the solvatochromic dye 
Nile red and a combined setup of fluorescence spectroscopy 
and microscopy, was determined by the salt concentration used 
during the emulsion preparation. The increasing electrolyte 

content (between 10–100  mm NaCl) thereby coincided with 
a densification of the layer of the anionic CNCs at the o/w 
interface, which was characterized by a slower permeation 
of the dye into the droplets. This behavior was very uniform  
for the PE droplets and independent of their actual size, 
removing the need for complicated purification/separation 
steps. Last, we demonstrated the applicability of this system 

Figure 7.  a) Schematic representation of time-resolved NR uptake and discharge experiments with PE droplets ([NaCl]: 10 or 50 mm) immobilized on 
poly-l-lysine coated glass slides. A total of 5 fill, rinse, and discharge cycles were studied. b) The development of the fluorescence intensities of the 
orange fluorescence (570 nm, droplet core) channel, measured over the time, reveals a clear larger capacity of the droplet core in 10 mm droplets. 
Background colors correspond to flow profiles, where red represents 2.5 µm concentration of NR in 1% DMSO, blue represents DI water washes and 
grey a 5% DMSO cargo release trigger. c) Microscopy phase-contrast images (top) and fluorescent images acquired for NR (570 and 630-nm channel, 
middle and bottom) (20× magnification, scale bar: 100 µm). Images were acquired at different times during the NR addition (gray circles in (b)).  
d) Comparison of the intensity difference for each cycle (amplitude, measured in RFU) between PE droplets ([NaCl]: 10 and 50 mm). Five individual 
droplets of varying sizes were analyzed per [NaCl] in 4 cycles. The 10 mm PE droplets have the capacity to fill and discharge to a far greater extent than 
50 mm PE droplets, as seen in (c). Additionally, the amplitude (core intensity) is independent of droplet size (grey delineation ovals: 50 mm, beige: 
10 mm) and demonstrates a remarkable stability and durability, especially of the 10 mm NaCl droplets. The zoom-in bar-graph displays the average 
scaled intensity (I1/I(n+1) [a.u.]) of all measured droplet amplitudes, where each cycle (I2, I3, I4, and I5) is compared to the first amplitude (I1) of each 
individual droplet. e) Fluorescent intensities as described in (c) for 50 mm NaCl PE droplets (20× magnification, scale bar: 100 µm).
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in sustainable technologies such as water remediation, due to 
the reusability of the system demonstrated in the cyclic uptake–
release of organic pollutants in aqueous media.

Our setup of fluorescence experiments, using a hydrophobic, 
solvatochromic probe, has served as an indirect tool to visu-
alize the properties of the CNC layer at the o/w interface. This 
significantly contributes to understanding and exploiting the 
controllability of nanocellulose-stabilized emulsions, for which 
the electrolyte content, in the interplay with the CNC surface 
charge, is an important design parameter. Understanding 
will ultimately lead to practical applications of PEs, in which 
the attractiveness of the system clearly lies in its versatility, 
simplicity and scalability opening-up a cost-effective, low-tech 
avenue toward well-defined, functional materials ranging from 
smart membranes to controlled-release systems. The concomi-
tancy of this cheap and simple synthetic approach with the high 
performance based in robustness and reusability renders a 
unique material with direct application in clean water technolo-
gies affordable in developing countries.

4. Experimental Section
Materials: Commercial bacterial cellulose (Nata-de-Coco) was 

purchased from an ethnical grocery store in Helsinki, Finland, and 
purified according to the procedures described in the Supporting 
Information. HCl gas (99.8%, 10 dm3, 6  kg) was purchased from 
AGA (Sweden). 50% aqueous NaOH, which was diluted and used 
to neutralize acid gas residues, was purchased from AKA Chemicals, 
Finland. 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO, free radical, 
98%), n-dodecane (≥99.0%), sodium chloride (ACS reagent, ≥99.0%), 
1 m NaOH (Merck [Darmstadt, Germany]), 1 m HCl (Merck [Darmstadt, 
Germany]), sulfuric acid (95–97%, EMSURE), poly(ethylenimine) 
(MW  ≈2000 [LS], 50% in water), 0.01% poly-l-lysine (w/v in DI water), 
Nile red and calcofluor white (for microscopy) were all purchased from 
Sigma Aldrich (Finland). Dialysis membranes (Spectra/Por 1, MWCO 
6–8  kDa), 13% NaOCl and 3.5% NaOCl solution were received from 
VWR (Finland). Millipore-processed deionized (DI) water (resistivity of 
18.2 MΩ cm) was used for all experiments.

Preparation of TEMPO-CNCs from Bacterial Cellulose: Detailed 
protocols for the TEMPO-CNC preparation and characterization can 
be found in Sections S1 and S2, Supporting Information. Surface-
oxidized CNCs were prepared from commercial bacterial cellulose 
(BC) by a combined HCl-gas hydrolysis and TEMPO-oxidation as 
described earlier.[41,48] Disintegration and dispersion of the hydrolyzed 
and oxidized BC gel was achieved by a high-pressure microfluidization 
(Microfluidics M110P) fluidizer, 200/400 µm chamber pair, and constant 
pressure of 1500 bar (Section S1d, Supporting Information). The degree 
of polymerization (DP) of the hydrolyzed BC was determined directly 
after hydrolysis by viscometry (CED-viscosity, Section S2a, Supporting 
Information).[49] The surface charge of the hydrolyzed and oxidized 
material was determined by conductometric titration (Section S2b,  
Supporting Information). Before further analysis and emulsion 
preparation, the pH of the CNC dispersion was adjusted to 7.5 with 
0.1 m NaOH and the TEMPO-CNCs were purified by dialysis (Spectra/
Por 1, MWCO 6–8 kD) against DI water until a conductivity of <5 µS was 
reached. After the purification, the CNCs were imaged by atomic force 
microscopy (AFM) for dimensional characterization[50] (Section S2c,  
Supporting Information) and their zeta potential (Section S2d, 
Supporting Information) was determined.

Preparation of Nanocellulose-Stabilized Pickering Emulsions: For each 
salt condition, 6  mL o/w PEs were prepared at a constant dodecane-
to-water ratio of 40:60 (v/v) in 20-mL snap-cap glass vials. Before 
the emulsification, the CNC concentration in the water phase (total 
volume 3.6 mL) was adjusted to 0.50 wt% with water or aqueous NaCl 

solution reaching final salt concentrations of 0, 10, 20, 50, or 100 mm. 
The dispersions were thoroughly mixed before adding the oil. Then, 
2.4  mL dodecane was added and the two phases were blended first 
on a vortex shaker (IKA Vortex 3, level 4) for 30 s and immediately 
afterward emulsified with a homogenizer (T10 basic Ultra-Turrax, 
IKA) at 30  000  rpm for 3 min, using an IKA S 10 N – 10 G disperser 
tool (1–100  mL). To avoid overheating during the emulsification, the 
emulsions were constantly cooled in an ice bath. After the emulsification, 
the freshly prepared and still homogeneous PEs were immediately 
aliquoted for the different measurements. All characterizations (e.g., 
droplet size measurements, fluorescence spectroscopy) were conducted 
the day after the emulsion preparation ensuring an equilibration of the 
system.

Optical Microscopy: Optical micrographs were acquired from diluted 
PEs (1:2 [v/v] with DI water or NaCl solution [10, 20, 50, or 100 mm]) on 
standard glass microscopy slides with a Leica DMIL LED microscope, 
equipped with a Leica DFC3000 G camera. Images were recorded 
and analyzed with the software Leica Application Suite X (version 
3.6.1.23246).

Droplet Size Measurements by Laser-Light Diffraction (LLD): Droplet 
size distributions were determined by laser-light diffraction (LLD) on 
a Malvern Mastersizer 2000 (Malvern Panalytical Ltd, Malvern, UK) in 
a size range of 0.2–2000  µm. DI water (nD  = 1.33, 25 °C) served as a 
dispersant to which the PE droplets were added directly. Dodecane was 
selected as dispersed phase (nD = 1.421, 25 °C). For each salt condition, 
two PEs were prepared and analyzed. Average values for the median 
particle size (d50), d90 (90% of droplets < given size), and d10 (10% of 
droplets < given size) were calculated automatically from triplicate 
measurements by the instrument’s software, from a preadjusted 
measurement time of 5 s and 5000 accumulated points (for background 
and samples).

Fluorescence Spectroscopy: The optical properties and solvatochromic 
effect of Nile red (NR) in the presence of PEs and suitable controls 
were characterized by fluorescence spectroscopy, using a Cytation 
3 plate reader (BioTek, Winooski, VT, USA) with an excitation at  
λexc = 535 nm, and an emission between λem = 562–700 nm. The gain 
was set to 75%, and the reading height to 7 mm from the bottom of the 
plate. The samples were initially prepared using 500 µL Eppendorf tubes 
and then transferred to a clear flat-bottom 96-well plate (Corning) for the 
measurements. A detailed description of the sample preparation (PEs 
and controls) can be found in Section S4, Supporting Information. Initial 
spectral measurements were carried out at a low NR charge with each of 
the prepared PEs (0–100 mm NaCl). The samples were equilibrated for 
at least 1 h with 1 vol% of a 5 µm NR solution in DMSO, corresponding 
to a final dye concentration in the PEs of 50  nm. The DMSO content 
of 1 vol% in the emulsions ensured the solubility NR in the samples. 
Spectral acquisition and endpoint analysis at 570 and 630  nm were 
carried out in triplicate samples. In the second part of the experiment, 
spectral acquisition and endpoint analysis were repeated with three 
selected PEs (10, 20, and 50  mm NaCl) which were equilibrated with 
a high NR charge of 5  µm. The dye concentration was kept constant, 
while the PEs were diluted to investigate how different emulsion systems 
behave when increasing the NR to CNC ratio (see Tables S2 and S3, 
Supporting Information) above the aqueous solubility limit of NR.

Fluorescence Microscopy: For the immobilization of the emulsion 
droplets, microscopy slides (26 × 76  mm cover glasses, Menzel 
Gläser, Thermo Fisher Scientific) were coated similarly to the Si-wafers 
used for atomic force microscopy (AFM) analysis with the positively 
charged polymer poly(ethyleneimine) (PEI) (see Sections S2c and S5a,  
Supporting Information). The PEs with [NaCl] 0–100  mm were 
equilibrated for at least 1 h with 1 vol% of a 1 mm NR DMSO solution, 
reaching a final NR concentration of 10  µmol L−1. The equilibrated 
PEs were placed directly on the PEI coated slides, followed by 
washing with DI water to remove unbound emulsion droplets. For the 
100× magnification analysis and 3D reconstructions, this was followed 
by a wash with a Calcofluor white stain (1:1 Calcofluor white 55  µm in 
water and 10% aqueous KOH), for 1 min. This was followed by several 
washing steps with DI water to remove unbound stain. The immobilized 
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droplets were covered immediately with a water layer and a small cover 
slide to prevent them from drying.

Both phase contrast and fluorescence microscopy images were 
acquired with an Axio Observer Z1 microscope (Carl Zeiss, Jena, 
Germany), equipped with an iXon Ultra 888 EMCCD camera (Andor 
Technology, Belfast, United Kingdom) and automated stage. Images 
were captured with a 10 × 0.3 Ph1 objective, a 20 × 0.6 Khor Ph2 objective 
and a 40 × 0.6 Khor Ph2 objective, combined with a 1.6 optovar. The 
cyan fluorescence signal (Calcoflour white) was collected using a 420 nm 
illumination with 418–442  nm excitation filter and 461–485 emission. 
For the Nile red emission, the orange fluorescence signal was collected 
using 530 nm illumination with 528–550 nm emission filter and 560–584 
emission. The red fluorescent signal was collected using 530  nm 
illumination with 528–550 nm emission filter and 615–675 emission. For 
the profile analysis, the fluorescence intensity at each of the different 
channels was acquired over the whole area of 50 selected droplets (size 
range: 3–55 µm in diameter) using the Zen-Blue software.

Time-Resolved Nile Red Uptake: Time-resolved experiments were carried 
out by fluorescence microscopy. For the immobilization of the emulsion 
droplets, microscopy slides were coated with filter-sterilized 0.01% poly-l-
lysine (w/v in DI water) for 1 h prior to immobilization of the PE droplets, 
providing stronger interactions between the surface and the PE droplets 
in comparison to PEI. The glass slides were then washed repeatedly 
with DI water, after which the solution of PE droplets was applied on the 
glass slide for ≈5 min (during which the droplets were rehydrated when 
needed, to prevent drying). This was followed by repeatedly rinsing with 
DI water to remove unbound droplets, after which the bound droplets 
were coated with CFW (as described in fluorescence microscopy section) 
and repeatedly rinsed again with DI water. The slide was then mounted in 
the microscope frame, and a minimum of three different regions (tiles) 
were identified and selected for continuous acquisition. After the start 
of the acquisition, three different concentrations of Nile red (1, 2.5 and 
5 µm) a, dissolved in a 1 vol% DMSO solution in water, were sequentially 
pipetted into the water-submerged droplets in a 100 µL volume at 12, 34 
and 56 min, respectively. Equal volumes (100  µL) were pipetted out of 
the solution from the opposite end of the submerged droplets, to keep 
the volume equal. Images were acquired every 2 min from 7 individual 
droplets, located on 3 different regions, to ensure that the observations, 
were uniformly represented in the particles on the slide. Definite focus 
was used prior to each acquisition event, to ensure the correct focus of 
the PE droplets.

Time-Resolved Nile Red Uptake and Discharge Cycles: Glass slides 
with PE droplets of both 10 and 50  mm were prepared as described 
in Time-resolved Nile red capture. The slide was then mounted in the 
microscope frame and rehydrated with DI water. Phase contrast and 
570 and 630  nm fluorescent images were acquired every 2 min. After 
the start of acquisition, 2.5 µm concentration of Nile Red was used to 
fill the droplets for 2 min. This was followed by a rinse to remove excess 
and unbound Nile red, with DI water for 2 min. The rinse was followed 
by 8 min with 5% DMSO to deplete the droplet core. After depletion, 
PE droplets were filled again with 2.5 µm for 2 min. The fill, rinse, and 
discharge cycle was repeated for 5 times.

Statistical Analysis: Sample sizes (n = *) for each figure and statistical 
analysis (mean ± SD), where appropriate, are included in the figure 
legends. Image processing is further discussed in the Fluorescence 
Microscopy section of the Experimental Section. No other statistical 
methods were applied in this work.
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from the author.
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