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ABSTRACT

Dai, Yunze. M.S.M.S.E., Purdue University, May 2016. Fabrication and drying of CNC
based microcapsules with PDMS/Antimicrobial oil cores via the microcapillary device.
Major Professor: Carlos Martinez.

Cellulose nanocrystals (CNC) which are the crystalline regions of elementary microfibrils
found in cellulose are becoming a promising biocompatible nanoscale building block. We report
on the generation, evolution, and drying of CNC capsules with oil cores, obtained from double
emulsion drops. Microcapillary devices were used to generate the double emulsion drops with outer
diameters ranging from 75 to 225 µm, and shell thicknesses ranging from 5 to 60 µm. 10 wt%
aqueous CNC suspensions without and with the addition of PEGDA, a UV-crosslinkable binder,
were used as the shell material while 10 cSt PDMS oil was used in the core. Drops were dispersed
in 10 cSt PDMS oil. The evolution of the CNCs in the shell was tracked as a function of time in an
optical microscope operated in bright field mode and under crossed polarizers. Soon after double
emulsion generation, a fraction of the CNCs adhere to the inner and outer oil/water interfaces
providing enhanced drop stability and influencing the assembly of the CNCs in the shell. Before
drying, an anisotropic chiral nematic phase forms that occupies 30 to 38% of the shell volume.
During drying the CNC volume fraction increases forming a shell with a non-uniform thickness
due to the difference in densities between the inner and outer drops. The addition of PEGDA
increased the strength of the capsules but delayed the anisotropic phase onset. A flowing UVcrosslinking method for the CNC-PEGDA capsules improved their strength and shape when
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compared to stationary UV-crosslinking. Finally, the encapsulation of antimicrobial oils in CNCPEGDA capsules was also demonstrated.

1

INTRODUCTION

In the past 15 years, several methods have been developed to fabricate microcapsules
including layer by layer approach [1, 2], surfactant mediated emulsion [3,4], sol-gel processes and
microfluidic methods [22, 23]. For example, microcapsules containing silicon nanoparticles (Si
NPs) and carbon nanotubes (CNTs) nanocomposite have been fabricated by a surfactant mediated
sol–gel method as shown in Figure 1[4]. A wide range off particles and capsules including
polystyrene colloidsomes with selective permeability [5], ceramic microcapsules used as scaffolds
for the enzymatic detection of marine toxin [24], cellulose nanocrystal reinforced capsules for food
applications [25], titania composite microcapsules used as bio-microreactors [6] and poly(Llactide-co-glycolide) microcapsules for stem cell differentiation [7] have been fabricated using
different methods. Figure 2 shows the morphology and microstructure of these particles and
capsules
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Figure 1. Schematic procedure for the fabrication of polymer and carbon microcapsules containing Si-CNT

Figure
1. Schematic procedure for the fabrication of polymer and carbon microcapsules containing
nanocomposites. [4]
Si-CNT nanocomposites. [4]

Recently, microfluidics has emerged as an efficient and economic technique for controlled
fabrication of particles and capsules. The most common geometry of microfluidics is known as a
T-junction, usually fabricated using polydimethylsiloxane (PDMS) [8]. Figure 3 (a) shows the
concept for generating double emulsions using a T-junction microchannel presented by Okushima,
et al. [9] Water-in-oil-in-water (W/OW) double emulsions were generated in a two-step process
where aqueous droplets break in oil at the upstream hydrophobic junction followed by another drop
break formed at the downstream hydrophilic junction. In addition to the T-junction microfluidic
device, other devices with more complicated geometries have been developed based on the Tjunction geometry. For example, Chen, et al. reported using a microfluidic device as shown in
Figure 3 (b) to produce O/W/O dispersions with narrow size distribution [10]. The oil monomer
was first encapsulated by the aqueous monomer solution, forming an oil-in-water single emulsion
that passes through the channel A. Then the droplets flowed into the long channel B, where the
water was encapsulated by the fluorocarbon oil, forming the O/W/O emulsions.
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B
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D
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Figure 3. Images of structure of different capsules: (A) polystyrene colloidosomes [5], (B) ceramic
microcapsules (scale bar, 20 μm) [24], (C) titania composite microcapsules [6] (scale bar, 2 μm), (D)
cellulose nanocrystal reinforced capsules [25], an (E) poly(L-lactide-co-glycolide) microcapsules [7]
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A challenge of fabricating PDMS microfluidic devices for double emulsion generation is that
they, require highly localized surface functionalization to control the wettability, which limits its
applications. Moreover, the use of these devices is also limited when it comes to strong solvents or
siloxane-based compounds since PDMS easily deteriorates by those chemicals [9]. Utada et. al.
overcame these two limitations by introducing a new kind of microfluidic device based on a coaxial
geometry, as shown in Figure 3 (c) [26]. The device is constructed by nesting cylindrical glass
capillary tubes within a square glass tube. A coaxial flow is formed at the exit of the collection tube
because of the hydrodynamic focusing of three fluids. Either double emulsions or single emulsions
can be generated using this device by adjusting the three flowrates to appropriate values, depending
if there is an inner injection tube or not [26].

(a)

(b)

(c)

Figure 5. Schematic of generating double emulsions using (a) & (b) PDMS/glass device with Tjunction channels [9, 10], and (c) microcapillary device [26].

5
Microcapillary device with the geometry in Figure 3(c) has been widely used for the generation
of double emulsion drops with controlled size and high monodispersity. Congwang et. al. reported
to use the microcapillary device to fabricate ceramic microcapsules with different sizes and porosity
[24]. Moreover, he also reported the feasibility of using microcapillary device for the generation of
cellulose nanocrystals based single- and double-emulsions, which is the basis of the work in this
report.
Cellulose nanocrystals (CNCs), which is the most abundant natural material extracted from
cellulosic biomass, is a linear syndiotactic homopolymer composed of D-anhydroglucopyranose
units linked with β-(1, 4)-glycosidic bonds [11] It has a high aspect ratio, low density (1.6 g cm−3)
and a relatively high elastic modulus (110-220 GPa).[27] Because of its outstanding mechanical
properties, low cost and biodegradability, CNCs have gained increase attention for use in fields
including nanocomposite films, drug delivery and protein immobilization.[28]
CNC nanofibers either in dry state or wet state are usually processed by the acid
hydrolysis reaction, in which the purified cellulose is reacted with sulfuric acid. [29] The high
hydrophilicity and aspect ratio of CNC leads to flocculation and aggregation of CNC nanofibers
through hydrogen bonding. During drying, the abundant hydrogen bonds of cellulose draw the
cellulose nanocrystals together, which prevents the cellulose nanocrystals from dispersing into the
solvent [12]. Therefore, CNCs are usually processed by the acid hydrolysis to minimizing hydrogen
bonding. When hydrolyzed by sulfuric acid, either the glucosidic oxygen (path 1) or cyclic oxygen
(path 2) is rapidly protonized by protons from the acid, followed by a slow splitting of glucosidic
bonds caused by the addition of water, as shown in Figure 4 (a). During hydrolysis, the amorphous
regions of CNCs are digested faster than the crystalline region since the amorphous phase is more
reactive with acid molecules [13]. Most of the amorphous regions can be removed when hydrolyzed
for 60 min at 45 °C, leaving cellulose nanocrystals with high crystallinity and strength. In addition
to chain scission, an esterification of the hydroxyl groups is also evolved in the acid hydrolysis of
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cellulose with sulfuric acid, as shown in Figure 4 (b). A so-called ‘cellulose sulfate’ can be
generated by the esterification reaction that creates sulfate groups on the surfaces of cellulose
nanocrystals, resulting in making the surface negatively charged above acidic pH. The negatively
charged surface creates repulsion forces among CNCs molecules, which further prevents the
aggregation of cellulose nanocrystals driven by hydrogen bonding [14].

Figure 6. (a) Acid hydrolysis mechanism and (b) esterification of cellulose nanocrystals surfaces.
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CNC has been widely used as reinforcement materials for nanocomposite hydrogels and
electrospun nanocomposite fibers [15], security papers, [16] wound dressings and medical implants
[17] [18] because of its high elastic modulus, good biocompatibility, low thermal expansion
coefficient, and reactive surface chemistry. One distinguished discovery in the development of
CNC technology was done by Gray and his co-workers [22] who found the formation of a chiral
nematic liquid crystalline phase of CNC suspensions. Above a critical concentration, the CNC rods
start to orient themselves, forming stacked planes where the CNC rods are aligned along a vector
(director). The orientation of each director is rotating about a perpendicular axis from one plane to
the next in a helical form [19,20], as shown in Figure 5 (a). The pitch of this helical modulation is
able to be reduced from tens of microns to submicrometer values when the liquid CNCs is dried.
The dried CNCs acquires a photonic band gap which causes Bragg’s diffraction of visible light,
resulting in the reflected light in an iridescent color as shown in Figure 5 (b). Due to the attractive
optical properties of this self-assembled photonic crystal, CNC based films have been widely
utilized in applications such as optical encryption [16] or as chiral templates [21], as shown in
Figure 5 (c).

Figure 7. Images of (a) the formation of a chiral nematic liquid crystal phase, (b) the iridescence
reflected by the photonic CNC films [16] and (c) templating of the CNC-derived helical structure
into inorganic materials (here, titanium dioxide) [22].
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Furthermore, CNC nanofibers not only have a high elastic modulus and strength as mentioned
before, they also show oxygen and oil barrier properties 2 orders of magnitude better than the most
common packaging material such as ethylene vinyl alcohol (EVOH) [30]. Based on these
properties CNCs show great potential as encapsulation materials. Hydrophobic compounds such as
hexadecane has been reported to be successfully encapsulated by CNC nanofibers. [25] The
capsules containing an oil core (hexadecane) and CNC shell were prepared through a polyaddition
reaction at the O/W drop interface. Figure 6 shows the SEM images of the hexadecane-core CNCshell capsules. However, the capsules in Figure 6 are monodispersed and besides that, few studies
have been focused on using CNCs for encapsulation in particular through the fabrication of double
emulsions.

Figure 8. SEM images showing the structure of hexadecane-core CNC-shell capsules. The content
increased from sample (a) 0.5 wt% CNC and 45 wt% hexadecane, (b) 0.5 wt% CNC and 0.7 wt%
hexadecane to (c) 0.5 wt% CNC and 0.4 wt% hexadecane [25].

9
Here, the authors report on the fabrication of CNC capsules with an oil core obtained from
water/oil/water double emulsion drops generated in microcapillary microfluidic devices. The
process starts with the generation of double emulsion drops composed of an oil-core drop
surrounded by an aqueous CNC suspension drop (shell) dispersed in an oil continuous phase using
microcapillary devices. Once the drops are generated and collected, the shell is formed by
evaporating the excess water from the CNC suspension outer drop. The rheological properties of
aqueous CNC suspensions were studied as a function of concentration and rest time. Solution and
suspension chemistries were optimized for drop generation and drop stability and polyethylene
glycol-diacrylate (PEGDA) was used as a UV-crosslinkable binder for the CNCs to increase shell
strength. Both the inner and outer drop diameters were controlled as a function of flow rate and the
shell drying rate was tailored via evaporation in PDMS oil. Finally, the encapsulation of
antimicrobial oils such as peppermint oil, tea tree oil and lemon oil was demon
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MATERIALS AND METHODS

2.1

CNC Suspensions

11.9 wt% wet CNC suspensions were purchased from the Process Development Center,
University of Maine. The zeta-potential (ζ) of dilute CNC suspensions (ΦCNC= 0.001) in deionized
water (DI-H2O) was -52.6 mV, measured by microelectrophoresis (Zetasizer nano-Z, Malvern
Instruments, Northborough, MA, USA). CNC suspensions with concentrations ranging from 2 to
10 wt% were prepared by mixing the 11.9wt% wet CNC suspensions with the appropriate wt% of
DI-H2O followed by sonication (Sonifer S-250D, Branson America, Danbury, CT, USA). All
suspensions were sonicated using the same procedure, where the energy applied was 27000 J/g, the
pulse time was 1s on/1s off and the amplitude was 60%. An ice bath was used to avoid overheating
during the homogenization and the de-esterification of the sulfate group. [8] The suspensions were
left on a spinning wheel for further mixing for 12 hours followed by sonication for 30 seconds
before the experiments.

2.2

Double Emulsion Composition

The core of the double emulsions was composed of either 10 cSt PDMS oil (Clearco Products
Co., Inc., Bensalem, PA, USA) or an antimicrobial oil including, peppermint oil (Pure Luxe LLC,

11
Houston, TX, USA), tea tree oil (Majestic Pure Cosmeceuticals, San Diego, CA, USA) and lemon
oil

(Majestic

Pure

Cosmeceuticals,

San

Diego,

CA,

USA).

2

wt%

surfactant

(decamethylcyclopentasiloxane with trimethylated silicia (749 fluid, Dow Corning, Midland, MI,
USA)) was added to all oils to improve double emulsion stability.
CNC suspensions with and without PEDGA served as the outer drop (shell) for the double
emulsion drops. CNC-only suspensions were composed of 10 wt% CNC in a mixture of 2 wt%
poly(vinyl alcohol) (87-89% hydrolyzed, Sigma, St. Louis, MO, USA), 88 wt% DI-H2O. UVcrosslinkable CNC suspensions were composed of 10 wt% CNC, 10 wt% PEGDA (MW= 526g/mol,
Polysciences, Inc., Warrington, PA, USA), 1 wt% crosslinker (N,N’-methylene bisacrylamide,
Sigma, St. Louis, MO, USA), 1 wt% photoinitiator (2-hydroxide-4’-(2-hydroxymehoxy)-2methylpropiophenone, Sigma, St. Louis, MO, USA), 2 wt% poly(vinyl alcohol), 40 wt% glycerol
(ReagentPlus, 99.0% (GC), Sigma, St. Louis, MO, USA) and 36 wt% DI-H₂O. Xanthan gum
(Xanthan gum from Xanthomonas campestris, Sigma, St. Louis, MO, USA) was added as a
rheological modifier when encapsulating antimicrobial oils. The continuous phase was composed
of 10 cSt PDMS oil with 2 wt% surfactant (decamethylcyclopentasiloxane with trimethylated
silicia (749 fluid, Dow Corning, Midland, MI, USA)).
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2.3

Rheology Measurements

Rheological measurements were performed in controlled-stress mode using the Malvern
Bohlin Gemini HR Nano Rheometer (Gemini HR Nano, Malvern Instruments, Worcestershire,
UK). CNC samples with different wt% were placed in a 13 ml coaxial cylinder (cup and bob)
geometry, while the temperature was kept as 25 °C. The shear stress varied from 0.01 Pa to 12 Pa.
All samples were sonicated using a 1s on/ 1s off program for 30 seconds before rheological tests.

Figure 9. Photograph of setup to measure interfacial tension based on the pendant drop method.
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2.4

Interfacial Tension Measurements

The interfacial tension between the solutions and suspensions used in this work were
measured using a in-house built system based on the pendant drop method. The solutions
include PDMS and antimicrobial oils, and CNC suspensions with and without PEDGA. A
photograph of the pendant drop setup is shown in Figure 7. In a typical measurement, a
glass syringe was partially filled with the lower density fluid, usually the oil. A syringe
filled with the aqueous CNC suspension was placed in a syringe and connected using PE5 polyethylene tubing to a 2.1 mm outer diameter metal nozzle. The nozzle is then inserted
in the oil solution and a pendant drop is carefully extruded. Images of the pendant drop
were captured using a digital camera. ImageJ with the pendant drop plugin were used to
obtain the shape profile to calculate the interfacial tension as shown by Hansen et al. [51].

2.5

Microcapillary Device

A detailed description of the fabrication of the microcapillary device and its use can
be found elsewhere. [12,13] A schematic of the microcapillary device is shown in Figure
8a. In short, a cylindrical glass capillary (World Precision Instruments, Sarasota, FL) with
15.24 cm in length, an outer diameter of 1.0 mm and inner diameter of 0.580 mm was
pulled with a pipette puller (model P-97, Sutter Instruments, Novato, CA), producing two
tapered capillaries with the same configuration. Then a forge station (Micro Forge MF 830,
Narishige, Japan) was used to adjust the diameter of tapered glass capillaries to the desired
value. The tapered capillaries were washed with ethanol (reagent grade, Sigma) and then
went through a surface treatment where the input capillary was coated to be hydrophobic
by octadecyltrichlorosilane (Gelest, Inc., Morrisville, PA) while the collection capillary
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was coated to be hydrophilic with a solution of ethanol, acetic acid (99.7 + % A.C.S.
reagent, Sigma), DI-H2O and 2-[methoxy(polyethylenoxy)propyl] trimethoxysilane (90%,
Gelest, Inc.).[13] The round capillaries were then manually inserted and aligned in a square
capillary. A 5-minute epoxy was used to glue the capillaries on two glass slides. Three 20G
luer-stubs (Intramedic Luer Stub Adapters, Beckton Dickinson, Sparks, MD) served as
fluid inputs for the devices.

Figure 10. Schematics of (a) microcapillary microfluidic device, and (b) generation of double
emulsions composed of an oil core surrounded by a CNC suspension shell.

2.6

Double Emulsion Generation and Characterization

Outer (continuous), middle (shell) and inner (core) fluids were loaded into glass syringes
(Hamilton Gastight, Hamilton Co., Reno, NV) with blunt 20G luer-stub needles. The flow rates of
three fluids were controlled with syringe pumps (PHD 2000, Harvard Apparatus, Holliston, MA)
and the double emulsions were generated by adjusting the three flow rates independently as shown
in Figure 8b. The drop generation process was visualized in an inverted microscope (Axio Observer,
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Zeiss America) fitted with a fast-camera (Phantom V9, Vision Research, Wayne, NJ). The
evolution of the double emulsion drops during drying was capture on an inverted microscope with
a digital camera (QICAM, Qimaging, Surrey, BC, Canada) set to bright-field mode with and
without crossed polarizers. ImageJ (W. S. Rasband, US National Institutes of Health, Bethesda,
MD) was used to analyze the digitally captured images to obtain the inner and outer drop diameter
as a function of time and to quantify the capsule fabrication yield.

2.7

Capsule Drying

To control the water removal from the CNC suspension shell, the double emulsions were
collected in drying chamber made by gluing a 2.5 cm diameter, 3 cm height tube to a square glass
slide as shown in Figure 9. Water has a solubility of ~ 40 mol/m3 in PDMS oil [21] therefore it can
act as a semipermeable layer to control water evaporation from the capsules depending on the
number of capsules per volume of PDMS oil. Increasing the number of drops leads to longer drying
times. Samples with different number of double emulsion drops were collected in the chamber
filled with 2.45 ml 10 cSt PDMS oil. Images of the shell drying process were captured every 10
minutes until full evaporation. The CNC capsules were then removed from the device to a petri
dish for further drying. The dry CNC particles were re-hydrated by placing them in DI-H2O for
capsule yield measurements.

Figure 11. (a) Schematic of CNC capsule drying chamber and (b) photograph of the drying
chamber filled with PDMS oil.
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2.8

Crosslinking Schemes

Figure 12. Schematic showing two crosslinking schemes called (a) stationary and (b) flowing.

Two crosslinking schemes were developed and can be seen in the schematics in
Figure 10. The first scheme named “stationary” crosslinking involved placing the double
emulsion drops in a tube filled with the continuous phase (PDMS oil) as shown in Figure
8a. A glass slide was placed on top of the tube to prevent evaporation and provide a window
for UV-crosslinking. In this setup the UV-exposure is directional and the drops are
stationary. In the second scheme, named “flowing” crosslinking and shown in Figure 8b,
the double emulsions are flowing through the exit tubing for 5 minutes while they are
exposed to UV. Once the capsules are dried through the PDMS oil, they are exposed to UV
light for another 40 minutes to fully crosslink the shell and form a stronger network.

17

RESULTS AND DISCUSSION

3.1

Fabrication of CNC-based Capsules

The fabrication of CNC-based capsules in microcapillary devices can be divided into several
steps as depicted in the schematic in Figure 11. First, double emulsion drops composed of an oil
core surrounded by a CNC suspension are generated in the microcapillary devices and collected in
vials partially filled with the continuous PDMS oil phase. Once collected, the CNCs within the
shell start self-assembling forming an anisotropic chiral nematic phase and the volume fraction of
this phase depends on the CNC concentration (wt%). Initially the shell is in the fluid state
(suspension) but to provide strength, excess water from the shell needs to be evaporated, a process
that is achieved through the continuous PDMS oil phase. When most of the water has evaporated,
the now CNC capsules can be harvested from the oil continuous phase followed by further drying
in air and storage for later use. Two CNC-based suspensions were used, one CNC-only and the in
other CNCs were mixed with PEGDA which served as a UV-crosslinkable binder. The majority of
experiments utilized PDMS oil as a model core material but antimicrobial oils were also
encapsulated to show the versatility and potential application of CNC-based capsules. Experiments
were designed to study the different stages of CNC capsule formation, and results are presented
and discussed in the following sections.
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Figure 13. Schematic depicting the formation and evolution of cnc capsules with PDMS oil cores
generated in microcapillary devices.

3.2

TEM of CNCs and Bulk Phase Behavior

Figure 14.TEM micrograph of the CNCs used in this study.
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Figure 15. Apparent viscosity (ηapp) as a function of shear rate (γ̇) for different wt% CNC
suspensions.
A TEM of the CNCs used in this study is shown in Figure 12. The image shows a
polydisperse population of CNCs that are on average 64 ± 20 nm long (L) and 6.7 ± 1.8 nm wide
(d) determined via image analysis. Their average dimensions corresponds to an aspect ratio (R =
L/d) of 9.5. The CNC aspect ratio plays an important geometrical role on the CNC assembly as
well as flow properties. CNCs are well known to form an anisotropic phase above a certain critical
concentration [22]. CNC suspensions with different wt% concentrations were placed in cuvettes an
observed over a period of 120 hours to track the formation of the characteristic CNC anisotropic
phase over time and to quantify its volume fraction. A photograph showing a row of cuvettes
containing CNC-only suspensions with concentrations ranging from 2 to 11.9 wt% after 72 hours
is shown in Figure 13a. The anisotropic phase appears as a highly opaque region at the bottom of
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the cuvettes. The anisotropic phase volume fraction as a function of CNC wt% is shown in Figure
13b. The critical concentration where the anisotropic phase becomes appreciable occurs in the
concentration range between 4 to 6 wt%. The specific volume fraction where the transition occurs
was difficult to obtained from the images. Below this concentration range, the suspension forms an
isotropic phase and above it is biphasic. At its highest concentration (11.9 wt%) the anisotropic
phase volume fraction is 0.63 while the fraction at 10 wt%, which is the concentration used through
this work, is 0.39. In a non-charged rod system the anisotropic phase increases linearly with
concentration as shown by Buining et. al. [31] for boehmite rods. However, Dong et al. [32] showed
that for charged CNCs the biphasic range does not follow a linear concentration dependence and it
is expected that this will be the case for the CNCs used in this study. As an approximation, a linear
fit was performed on the data and the biphasic to anisotropic transition should occur at ~15.9 wt%
CNC concentration.
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3.3

Rheology of CNC Suspension

Figure 16. Apparent viscosity (ηapp) as a function of shear rate (γ) for (a) different wt% CNC
suspensions and (b) 10 wt% cnc suspensions measured after different delay times.
The as-received 11.9 wt% wet CNC suspension have the appearance of a weak gel that flows
easily under the influence of gravity. The flow of CNC suspensions in microcapillary devices is
greatly influenced by their rheological properties [33] and viscosities higher than 100 Pa·s can lead
to high pressures that could induce drop generation instabilities [26]. Therefore, it is important to
understand the rheological behavior of CNC suspensions as function of concentration and shear
rate. The apparent viscosity (ηapp) as a function of shear rate (γ̇) of CNC suspensions with
concentrations ranging from 2 to 11.9 wt% are shown in Figure 14. The suspension ηapp increases
an order of magnitude from 0.0022 Pa·s to 0.025 Pa·s measured at γ̇ = 100 s-1 for the 2 and 11.9
wt% suspensions, respectively. Newtonian flow behavior is observed for concentrations < 4 wt%
while higher concentrations show a small decrease in viscosity with increasing γ̇. The viscosity of
the CNC suspensions used in this work are low when compared to similar work by Ye et al. [33].
and Dagang et al. [34] which reported one to two orders of magnitude higher ηapp for similar or
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lower CNC concentrations and higher aspect ratios. Additionally, the different stages of ηapp
decrease with increasing γ̇ that are associated with the breakup of tactoids, and subsequent
alignment of the CNCs are also not present [33]. CNCs from different sources and acid treatments
will have different properties in solution making a comparison difficult. The usual high viscosities
of well dispersed CNC suspensions are due to surface charge electroviscous effects and high aspect
ratios [35]. It is possible that the lower viscosities observed here are due to the CNCs relative small
R combined with its polydispersity. However, a more detailed study is needed to fully understand
the effects of R on CNC suspension rheology. From a practical point of view, the lower viscosities
of the CNC suspensions facilitate their flow in microcapillary devices even at the highest
concentration tested i.e. using the as-received CNC suspension.
The evolution of the CNC suspension was also studied by measuring the ηapp of 10 wt% CNC
suspensions that were left unperturbed for up to 24 hours as shown in Figure 14b. There is a
relatively small increase in viscosity at γ̇ = 5 s-1 from 0.016 to 0.028 for a 24-hour delay period
associated with the formation of the anisotropic phase. All samples show some shear thinning as
the CNCs align due to the impose shear stress. However, the modest increase in viscosity and the
lack of a pronounce shear thinning behavior as shown by Ye et al. [33] suggests that the CNCs
form tenuous network that it is easily perturbed by the applied shear stress. These results are
congruent with qualitative observations of the as-received CNC stock.

3.4

PDMS Oil Core /CNC-Only Double Emulsion Generation

The generation of O/W/O double emulsions was initially studied using 10 cSt PDMS oil for
both the core fluid and continuous phase and CNC only suspensions as the surrounding drop (shell).
10 cSt PDMS oil was used as a model oil since it is non-volatile, can be easily stabilized inside
aqueous drops by using PVA and glycerol as a surfactant mixture, and is a Newtonian fluid [29].
Once the fluids were loaded into the microcapillary devices their flow rates were independently
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adjusted to obtain a stable drop generation. Optical images showing the generation of double
emulsion drops composed of 10 cSt PDMS oil drop surrounded by a 10 wt% CNC suspension drop
are shown in Figure 15. The microcapillary used in Figure 15 has an input (dinp) and collection (dcol)
capillary diameters of 58.5 µm and 113.2 µm, respectively. Different inner (dinn) and outer (dout)
diameter double emulsions were generated by independently varying the outer (Qout), middle (Qmid)
and inner (Qinn) flow rates. The flow rates used to generate the drops as well as the corresponding
dinn and dout are listed in the table in Figure 15. Drop breakup in microcapillary devices occurs due
to the interplay between viscous stress and interfacial tension between the fluids and two drop
breakup regimes are observed: dripping or jetting [37, 38]. Dripping produces monodisperse drops
near the entrance of the collection capillary (see Figure 15c) while drop breakup in the jetting
regime occurs inside the collection capillary at a distance several times its diameter (see Figure 15a,
b). This jet then breaks into double emulsion drops. Usually drop generation in the jetting regime
is irregular leading to a polydisperse size population. However, in microcapillary devices with
tapered capillaries there is a gradual decrease in the fluid velocity. When the capillary number (Ca)
is low enough the Rayleigh-Plateau is sustained inducing drop breakup at a fix location producing
monodisperse drop [26, 40]. In this work, most stable flow rate combinations produced drops in
the jetting regime. The capillary number Ca = ηoutν/γ captures the drop breakup physics as it relates
the viscous stress and the interfacial tension, where ηout is the viscosity of the outer fluid, ν is the
velocity of the outer fluid, and γ is the interfacial tension between the outer and middle fluids. The
transition from dripping to jetting occurs at Ca ≈ 1 [26]. Drop generation was stable for hours and
the coefficient of variation (CV) for the dinn and dout was < 3% obtained via image analysis.
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Qout (µL/h)

Qmid (µL/h)

Qin (µL/h)

dinn (µm)

dout (µm)

a

2500

2000

500

111

205

b

10000

2000

500

91

171.4

c

15000

2500

2000

68.6

91.2

Figure 17. (a-c) Optical images of double emulsion drop composed of a PDMS oil core surrounded
by a 10 wt% CNC-only shell near the entrance of the exit capillary. (bottom) table of outer (Q out),
middle (Qmid) and inner (qinn) flow rates and inner (dinn) and outer

An advantage of microfluidic devices for drop generation is that dinn and dout can be controlled
independently to obtain drops with different sizes and outer to inner drop size ratios [24, 33]. A
plot of dinn and dout as a function of flow rate ratios Qout/(Qinn + Qmid) is shown in Figure 16a. Both
dinn and dout decreased with increasing flow rate ratio as the shear imposed by the outer fluid on the
middle and inner fluids increases. The data shown in Figure 16 was obtained using the
microcapillary device shown in Figure 15. With a single device both dinn and dout can be adjusted
from 136 to 95 µm and 227 to 158 µm, respectively. Figure 16a also shows that by increasing Qout
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the dinn and dout relative size decreases which will lead to smaller initial shell thicknesses.
Controlling the shell thickness can be better appreciated by independently adjusting the flow rates
so the difference between dinn and dout is smaller. Figure 16b shows the shell thickness as a function
of the ratio Qinn/(Qout + Qmid). The shell thickness can be tailored by increasing Qinn while
maintaining Qout + Qmid constant from 53 µm to 5 µm for ratios of 0.025 to 0.26, respectively.

Figure 18. (a) Inner and outer drop diameters as a function of the ratio between outer flow rate (Qout)
and the sum of the middle (Qmid) and inner (Qinn) flow rates. (b) double emulsion drop shell thickness
as a function of the ratio of Qinn and the sum of Qout and Qmid.
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Qout (µL/h)

Qmid (µL/h)

Qin (µL/h)

dinn (µm)

dout (µm)

a

2500

2000

500

111

205

b

6000

2000

500

86

166

c

15000

2500

2000

68.6

91.2

d

6000

4500

500

85.6

176

Figure 20. (a-d) Optical images of a group of double emulsion drops composed of a PDMS oil core
surrounded by a 10 wt% cnc-only shell generated with different flow rates. (bottom) table of outer
(Qout), middle (Qmid) and inner (Qinn) flow rates and inner (dinn) and outer (dout) drop diameters for
double emulsions shown in a-d. All scale bars correspond to 100 µm.
Optical microscope images of double emulsion drops with different dinn and dout can be seen in
Figure 17. The images show a sample of the drop sizes and shell thickness that can be generated
using a single microcapillary device. The inner drop appears off-center due to the difference in
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density between the core (ρPDMS = 0. 96 g/mL) and the outer drop (ρCNC-H2O ~ 1.06 g/mL). All optical
microscope images shown in this work were obtained in an inverted microscope where the view is
from the bottom of the sample parallel to the gravitational axis (z-axis). Due to their density
difference, the cores always move to the top of the surrounding drop (shell) and in many cases
appear to be centered. While this might be the case in the x-y plane, the cores are always offset
along the z-axis. Which means that the shell is not-uniform and has its thinnest region at the top of
the drop and it is thicker at the bottom. The collected capsules regardless of their dout or shell
thickness remain stable in the PDMS oil continuous phase for months. This can be attributed to
both the excellent surfactant used in PDMS oil and the preference for CNCs to absorb at oil/water
interfaces.

3.5

3.5.1

CNC Shell Evolution and Drying

CNC-Only Shell Evolution

Once the oil core/CNC suspension shell drops are generated they are collected for storage or
drying. During collection the CNC shell evolves as the strong interaction between the CNCs can
form a chiral nematic phase as has been widely observed in CNC systems [30, 32, 33]. CNC
arrangement within the shell can have a profound effect on shell microstructure. The evolution of
CNC shells with and without PEGDA was studied under crossed polarizes since the isotropic to
anisotropic transition can be observed as a change in the polarized light pattern within the shells.
In this section the focus is on the evolution of double emulsion drops with CNC-only shells and
PDMS oil cores. Optical images taken with crossed polarizes showing the time evolution of double
emulsion drops with a 10 cSt PDMS oil core surrounded by 10 wt% CNC suspension shells are
shown in Figure 8. The first image (Figure 18a) correspond to the start of image capture and it does
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not include the time it took to collect and prepare the sample, which was approximately 16 minutes.
The images show a dark background with brighter concentric regions that delineate the double
emulsion drops. In Figure 18(a,b), 0 and 1h, respectively, the shell shows four bright regions
separated by a central cross region reminiscent of the Maltese cross pattern observed in liquid
crystals[33]. Also, smaller bright speckle patterns that correspond to the presence of tactoids, or
small domains of ordered CNCs. Overtime, the speckle pattern disappears and the Maltese cross
pattern becomes brighter and more defined. This process takes around six hours as shown in Figure
8c, and little change is observed after 24 hours as shown in Figure 18d. The formation of a Maltese
cross pattern is characteristic of assembly parallel to the curvature of drops and capsules [42]. CNCs
aligned parallel to the polarizer or analyzer will appear as dark regions, while those at other angles
will appear as bright regions. The first image in the series indicate that in a short period of time the
CNC are already aligning along the curvature of the shell. This is not an unexpected result
considering that CNCs have a strong affinity for oil-water interfaces as shown by Capron at al. [43].
CNCs that adhere to the oil-water outer and inner interfaces in the double emulsion drops, will
dictate the assembly of CNCs in the bulk as the anisotropic phase develops with time. The
disappearance of the tactoids overtime is also indicative of the anisotropic phase formation.
The images shown in Figure 18 only show a thin region of the total volume of the drop.
Therefore, it is not clear what fraction of the shell volume is occupied by the anisotropic vs the
isotropic phase. Moreover, the isotropic phase appears dark under crossed polarizers therefore the
anisotropic phase bright regions visually dominate the images regardless of the focal plane of
observation within the drop. Based on the bulk experiments shown in Figure 13 for a 10 wt% CNC
concentrationm the anisotropic phase fraction is 0.385. Therefore, the majority of the shell volume
is occupied by the isotropic phase. The shell transitions from the isotropic phase right after
generation to a biphasic state within a couple hours and a fraction of the anisotropic phase forms
within minutes of generation.
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Figure 21. Optical images using crossed polarizers of a group of double emulsion drops composed
of a 10 cSt pdms oil core surrounded by a 10 wt% CNC suspension taken (a) 0, (b) 1, (c) 6 and (d)
36 hours after generation. The scale bar in (d) correspond to 100 µm.

3.5.2

CNC-Only Shell Drying

Once the CNC-only double emulsions are generated and collected, it is necessary to evaporate
the water from the outer drop to form a robust CNC shell that can survive further processing and
harvesting from the PDMS continuous phase. There are different ways that this can be achieved
including removing the bulk of the PDMS oil leaving a thin layer where the water can evaporate
through. This process offers little control over the rate of evaporation and makes difficult to see the
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effect of drying rate on the shell formation. A controlled drying setup will require both temperature
and humidity control which introduces significant complexity to available microscopy setup. A
different approach was taken that uses the capacity of PDMS oil to hold and transport water. PDMS
oil while immiscible with water, can have a small molar concentration ~ 40 mol/m3 [44], and more
importantly it lets water diffuse through in the presence of a concentration gradient. This property
was exploited by Ye et al. and Shirk et al. [33] in the fabrication of high concentration CNC-loaded
hydrogels and colloidal crystals inside double emulsion drops. The controlled drying setup that was
used is simple and utilizes both the capacity of PDMS to act as a semipermeable layer for water
and the double emulsion drop number concentration to control shell drying. Once the drops are
generated they are collected in a chamber 2.5 cm in diameter and 3 cm in height filled with 2.45
mL of 10 cSt PDMS oil as show in Figure 19 in the Experimental section. Double emulsions are
placed in the chamber and they are imaged on an inverted optical microscope. Images are captures
every 10 minutes and the dout was measured using ImageJ. A plot showing the dout/dout-i as a function
of time for different double emulsion concentrations are shown in Figure 19, where dout-i is the
initial drop dout. As the concentration of double emulsion drops increases, the drying time increases
and the effect is similar to having a controlled drying chamber. The ability to tune drying based on
drop concentration is based on the interplay between water solubility in PDMS oil and water
evaporation from the PDMS oil (covering the drops)/air interface. At low double emulsion drop
concentrations (< 500) the PDMS oil has the capacity to absorb most of the water diffusing from
drops which results in fast drying, in some cases < 1 hour for 10-100 drops. As the concentration
of double emulsion drops increases, the PDMS water concentration reaches saturation quickly and
the shell drying slows down as it depends on the evaporation of water from the PDMS oil/air
interface. Shell drying among double emulsion drops is inhomogeneous leading to gradients in
concentration that speed up the diffusion at later drying stages. Two stages with different
diffusivities can be appreciated in Figure 19 corresponding to the saturation regime and the fast
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drying regime with the effect being more pronounce for higher drop concentrations. An order of
magnitude estimate of the water diffusion coefficient on the two regimes can be obtained using a
2
2
simple model that assumes that the capsules are isolated in the oil, 𝑑𝑜𝑢𝑡
= 𝑑𝑜𝑢𝑡−𝑖
−

8𝐶𝐴0 𝐷𝐴 𝑡
𝜌𝐴

where,

CA0 is the solubility of water in PDMS oil (~ 40 mol/m3), ρA is the molar density of water, DA is the
diffusion coefficient of water in oil and t is time. DA in the saturation regime is ~ 10-11 m2/s while
the diffusion coefficient increases to ~ 10-10 m2/s in the fast drying regimes. Using the drying

through oil method, it was possible to extend the shell drying time from 5.33 hours to 45.3
hours.

Figure 22. Ratio of the outer diameter (dout) and the initial outer diameter (dout-i) as a function of
drying time for samples with different number of double emulsion drops.

The aim of the drying experiments was to study the effects of drying rates on CNC-only shell
formation. A group of dried in oil CNC-capsules for samples with different drop concentrations are
shown in Figure 20. All samples show deformed capsules that are similar in size and shape. The
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circularity determined from image analysis shows a small improvement from 0.81 to 0.88 for the
longer drying capsules. However, these results are not statistically significant and show that the
effect of prolong drying times are minimal. Initially this appears surprising since longer drying
times will allow more time for CNC alignment. However, the data obtained under crossed
polarizers shown in Figure 18 shows that the bulk of the CNC assembly occurs quickly after
generation therefore the longer drying time do not offer a significant advantage in terms of the
capsule’s shape.
Dried capsules are harvested from the PDMS oil by removing the excess oil and replacing it
with a thin layer of 1 cSt oil which is volatile. CNC-only capsules with PDMS oil are then placed
in a vial for future use. The capsules are flexible and break easily under pressure. When the capsules
are placed in water, the CNC-only shell disintegrates quickly releasing the oil core due to the high
affinity of CNCs with water. These capsules could find use in applications that require fast release
in the presence of water. Otherwise a binder is needed to increase both capsules strength and the
core release time.
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# of Drops

dout (µm)

Circularity

Shell Thickness
(µm)

a

1526

121.4

0.81

9.3

b

1939

118.5

0.86

8

c

3457

126.1

0.87

6.6

d

5960

113.3

0.88

11.9

Figure 23. Optical images of a group of dried PDMS oil cores/CNC-only capsules dispersed in
PDMS oil. (bottom) table of number of drops, outer diameter (dout), circularity and shell thickness
for samples a-d.
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3.6

CNC-PEGDA Capsules

As previously discussed, the CNC only capsules are stable in solution and are strong enough
for harvesting from solution and drying. However, when they come in contact with water, they
quickly re-disperse. A UV-crosslinkable polymer, PEGDA, was added to the CNC suspension to
serve as a binder, forming a CNC-PEGDA hydrogel network. PEGDA was chosen because it does
not significantly change the rheological properties of the CNC suspension and allows the formation
of stable double emulsion drops. In this section, the effects of PEGDA on shell drying and rehydration will be discussed. Attention was placed on the effect of UV exposure time on the
hydrogel network formation and shell morphology both in the wet and dry state. PDMS oil was
used as the core material through these experiments.

3.7

Double Emulsion Generation using CNC-PEGDA Suspension

Double emulsion drops composed of a PDMS oil core surrounded by a CNC-PEGDA
suspension drop (shell material) were successfully generated as shown in Figure 21. This figure
shows the whole fabrication process, from generation to storage both in the dry and wet states. The
continuous phase is PDMS oil with 2 wt% 749 surfactant. The device dinp = 47 µm and dcol = 116
µm, and the flow rates used are Qout = 5000, Qmid = 1500, Qin = 500 µL/h, while dout = 173 µm and
dinn = 110 µm. Once the drops are generated they were collected in a vial and exposed to UV light
for 15 minutes. A group of crosslinked PDMS oil core CNC-PEGDA shell capsules dispersed in
PDMS oil are shown in Figure 21b. Their dinn = 110 µm and dout = 170 µm with a CV in diameter
of 3%. The drops were stable in the oil continuous phase with no coalescence observed and few
show core breakups. A group of dried in PDMS oil capsules are shown in Figure 21c with a dout =
134 µm. The drying method was similar to that used to dry the CNC-only shell capsules. The
photograph in Figure 21d shows the crosslinked CNC-PEGDA capsules dispersed in PDMS oil.
Once crosslinked, a fraction of the capsules was dried and harvested from the PDMS oil continuous
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phase to form a powder as shown in Figure 21e. Overall, the CNC-PEGDA capsules are robust and
can survive harvesting from solution and further drying in air.
The crosslinked capsules in Figure 21b have PDMS oil cores that are off-center due to the
difference in density between the PDMS oil and the surrounding CNC-PEGDA suspension. Similar
to the CNC-only double emulsion drops, soon after they are generated the cores move to the top of
the surrounding CNC-PEGDA drop and their location is fixed after UV-crosslinking. All of the
UV-crosslinked capsules have a shell that gradually increases in thickness. The thinnest section
(hthin) ranges from 2 to 5 µm and the thickest section is close to difference in dout - (dinn + hthin). For
example, for the capsules in Figure 21b the shell thinnest section is 5 µm while the thickest is 66
µm. The difference in shell thickness results in dried capsules with a thin section on one side and a
thicker section on the opposite side. For the dried-in-oil capsules in Figure 21c the shell thickness
is 26 µm at the thickest point. The thinnest part of the capsules is its weakest point where shell
rupture most likely will occur when the capsules are under pressure.
Another important observation is that the crosslinked CNC-PEGDA capsules in Figure 21b
show indentations at the shell/outer fluid interface. The indentations are due to the hydrogel CNCPEGDA network and appear after some drying has occurred through the oil continuous phase.
Partial drying starts as soon as the drops are generated but can be exacerbated when more oil is
added to the continuous phase, when the samples are transfer from the collection vial to a new
container filled with oil, or when an air gap is present in the collection vial or observation chamber.
The indentations suggest that the hydrogel structure is weak and not-uniform. The CNC-PEGDA
hydrogel network will impact not only the strength of the shell but also its shape and uniformity.
Therefore, the effects of UV-crosslinking time and methodology were investigated with the aim of
obtaining capsules with shells that are spherical in shape and have high enough strength to survive
harvesting from solution, drying, and re-hydration.
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Figure 24. Optical images showing (a) the generation in a microcapillary device of double emulsion
drops composed of a PDMS oil core surrounded by an aqueous CNC-PEGDA suspension drop, (b)
group of UV-crosslinked PDMS oil core/CNC-PEGDA shells, and (c) group of dried PDMS oil
core/CNC-PEGDA shell capsules, all dispersed in 10 cSt PDMS oil. Photographs of vials containing
(d) UV-crosslinked PDMS oil core/CNC-PEGDA capsules dispersed in 10 cSt PDMS oil, and (e)
air dried PDMS oil core/CNC-PEGDA capsules.

3.8

Effect of UV-Exposure Time

Early in the project the CNC-PEGDA capsules were subject to 45 minutes of UV using a handheld UV-lamp with a low power fluorescent tube (~ 0.06 W/cm2) as was the case discussed in the
previous section. After careful examination of the CNC-PEGDA capsules it became apparent that
the crosslinking time needed to be increased to ensure full crosslinking of the PEGDA. Two
crosslinking schemes were developed and can be seen in the schematics in Figure 10. The first
scheme named “stationary” crosslinking involved placing the double emulsion drops in the
chamber previously used to study the drying of CNC-only capsules, filled with the continuous
phase (PDMS oil) as shown in Figure 10a. A glass slide was placed on top of the tube to prevent
evaporation and provide a window for UV-crosslinking. In this setup, the UV-exposure is
directional and the drops are stationary. In the second scheme, named “flowing” crosslinking and
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shown in Figure 10b, the double emulsions are flowing through the exit tubing for 5 minutes while
they are exposed to UV. The flowing crosslinked samples are only partially crosslinked after 5
minutes. Once the capsules are dried through the PDMS oil, they are exposed to UV light for
another 40 minutes to fully crosslink the shell and form a stronger CNC-PEGDA hydrogel network.
It is important to note that after drying through the oil, the CNC-PEGDA network contains a small
water concentration. Also, the relatively fraction of PEGDA have increased from the initial 10 wt%
to approximately 40 wt% while the rest of the shell is composed of the CNCs and a small fraction
of water.

3.9

3.9.1

CNC-PEGDA Shell Evolution, Drying and Rehydration

CNC-PEGDA Shell Evolution Under Crossed Polarizers

It is difficult to assess the extent of UV-crosslinking on the CNC-PEGDA shell by looking at
them on the optical microscope since both uncrosslinked and fully crosslinked shells are transparent.
However, it is possible to observe the effects of crosslinking conditions on both the CNC assembly
and shell drying in an optical microscope operated under crossed polarizers and bright field modes,
respectively. Capsules crosslinked at different times using the schemes in Figure 10 were observed
under crossed polarizers to see the effects of crosslinking conditions on CNC assembly as shown
in Figure 22. The first series (Figure 22a) corresponds to the CNC-PEGDA suspension without
crosslinking while the series in Figure 22b and 23c correspond to stationary crosslinking for 45 and
90 minutes, respectively. The series in Figure 22d is for a sample using the flowing crosslinking
scheme. The initial image for all samples corresponds to the start of the imaging sequence and do
not take into account the crosslinking time and sample preparation. The first image (0h) for the
uncrosslinked and stationary crosslinked samples (Figure 22a-c) show bright dots that correspond
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to CNC tactoids. Progressively the tactoids disappear and a Maltese cross forms due to the
alignment of the CNCs parallel to the shell curvature and the formation of the anisotropic phase.
CNC alignment appears to be slowed down by the presence of the PEGDA even for the
uncrosslinked samples when compared to the CNC-only samples. After 6 hours, the majority of the
tactoids have disappeared for the stationary crosslinked samples. The ability of the CNC to selfassemble even when the samples are crosslinked shows that the CNC-PEGDA network is open due
to the relatively low PEGDA concentration (10 wt%) and molecular weight (400 g/mol).
The flowing crosslinked sample (Figure 22d) shows a Maltese cross from the start and the
intensity of the bright regions at 45, 135, 225 and 315°increases with time as more of the CNCs
become aligned. One hypothesis to explain the lack of tactoids and presence of a Maltese cross
from the start of observation could be due to the flow-induced alignment of the CNCs as the drops
traverse the exit capillary. Drops flowing in a microcapillary several times their diameter
experiences internal flow that can form toroidal flow rings [45]. This internal flow could start
imparting alignment on the CNCs as soon as the drops are generated and this, combined with
tenuous PEGDA crosslinking can form the corrugated structures observed on the shell outer
interface. More experiments are needed to corroborate this hypothesis.
The Maltese cross that is formed on the capsule’s shell is due to CNC alignment but cannot be
used as conclusive evidence for the extent of alignment within the whole shell. Bulk samples
prepared with different concentrations of CNC show that the anisotropic phase increases with
concentration. Therefore, similarly to the CNC-only samples, it is expected that most of the CNC
anisotropic phase occurs in a fraction of the shell volume. Under crossed polarizers (viewed from
the bottom of the capsules) the aligned anisotropic region appears to be the whole shell but most
likely is just a fraction of the shell volume.
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Figure 25. Optical image time sequence using crossed polarizers of PDMS oil core/CNC-PEGDA
shell (a) uncrosslinked double emulsion drops, and capsules crosslinked via the stationary scheme
for (b) 45 and (c) 90 minutes while (d) was crosslinked for 5 minutes while flowing. The scale bar
in (d) applies to all images.
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3.9.2

CNC-PEGDA Capsule Drying
The UV exposure time will also have an influence on the CNC-PEGDA shell drying.

Similar to the experiments shown in Figure 22, the drying of samples crosslinked under different
conditions are shown in Figure 23. The first series (Figure 23a) corresponds to the CNC-PEGDA
suspension without crosslinking while the series in Figure 23b and 23c correspond to stationary
crosslinking for 15 and 45 minutes, respectively. The series in Figure 23d is for a sample that was
crosslinked while flowing. The capsule diameters and shell thicknesses are included in the
accompanying table in Figure 23. The initial image for all samples corresponds to the start of the
imaging sequence and do not take into account the crosslinking time and sample preparation. All
samples were dried through PDMS oil. The time series show the progressive shrinkage of the shells
as water diffuses through the PDMS oil and evaporates in air. The uncrosslinked (Figure 23a) and
stationary crosslinked 45 minute sample (Figure 23b) initially show a smooth surface while the 90
minutes stationary crosslinked sample (Figure 23c) and the flowing crosslinked sample (Figure 23d)
show indentations, and a rough surface, respectively. A closer look at the shell continuous phase
interface can be seen in Figure 24. The secondary drop observed in Figure 24c and 24d which
correspond to the 90 minutes stationary crosslinking and the flowing crosslinking samples are
satellite drops formed during the double emulsion generation process. The flowing crosslinked
sample (Figure 24d) shell has a corrugated surface and is opaque. Since CNCs have high affinity
for oil/water interfaces it is possible that the corrugated surface is due to the shear of the CNCPEGDA shell suspension while is being crosslinked. The opaque shell could be due to the sheared
CNC-PEGDA hydrogel structure.
Both the uncrosslinked and 45 minuteS stationary crosslinked samples shell are initially smooth
but as more water diffuses into the PDMS oil, indentations form leading to a rough dried shell. The
indentations on the 90 minutes stationary crosslinked sample become deeper over time until a shell
forms with a thick rough region. The flowing crosslinked sample does not show the formation of
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deep shell indentations during drying and appears to dry more uniformly forming a smoother more
spherical shape. These results suggest that the flowing crosslinked sample has a more homogeneous
internal structure that results in spherical capsules that once fully crosslinked are stronger than those
prepared by the stationary method.
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Sample

UV-Crosslinking
Method

dout (µm)

dinn (µm)

doutf (µm)

Shell Thickness
(µm)

(a)

No UV-crosslinking

197

100

107

11.5

(b)

45 minutes stationary

202

91

110

9.5

(c)

90 minutes stationary

176

98

134

26

(d)

5 minutes flowing in
exit channel

150

93

108

17

Figure 26. Optical image time sequence of pdms oil core/cnc-pegda shell (a) uncrosslinked double
emulsion drop, and capsules crosslinked via the stationary scheme for (b) 15 and (c) 45 minutes
while (d) was flowing crosslinked for 5 minutes. The scale bar in (d) applies to all images. (below)
table of uv-crosslinking
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Figure 27. Optical images of pdms oil core/cnc-pegda shell (a) uncrosslinked double emulsion
drop, and capsules crosslinked via the stationary scheme for (b) 15 and (c) 45 minutes while (d)
was flow crosslinked for 5 minutes. The scale bar in (d) applies to all images and corresponds to
25 µm.

3.9.3

Rehydrated Capsules

Figure 28. Optical images showing the rehydration of cnc-pegda capsules with pdms oil cores that
were crosslinked via the (a) stationary and (b) flowing schemes. The scale bar in (b) applies to all
images.
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Once the capsules are fully crosslinked and dried in the oil, they are harvested and further
dried in air. All capsules survived the harvesting and drying process, the difference between them
lies in the strength of the capsules when they are re-hydrated in water. The re-swelling behavior of
the stationary crosslinked 45 minutes sample and the flowing crosslinked sample was studied by
placing the respective dried-in-air capsules in water as shown in Figure 25a and 25b, respectively.
The first image for both samples correspond to the capsules in air before they come in contact with
water. The stationary crosslinked 45 minutes sample (Figure 26a) initially shows a shell with a
rough surface that slowly swells as water diffuses into the CNC-PEGDA hydrogel network. The
rough shell expands and becomes more spherical as time progresses. The re-hydration process is
relatively slow and after 5 hours the shells have not reach equilibrium. There is evidence of corebreakup during the rehydration process most likely initiated through the thinnest section of the shell
under the stress associated with non-uniform swelling. The flowing crosslinked sample in Figure
25b shows different rehydration behavior. The majority of the shell swelling occurs in minutes as
shown in the 6 minutes image. Minimal change in dout is observed over a period of 8 hours. Many
of the capsules show what appears to be a bubble which correspond to the satellite drop observed
for a similar sample in Figure 24d. Overtime, the bubbles are filled with water as some of the drops
that initially contained a bubble are bubble-free after 8 hours. Qualitatively, samples that were
stationary crosslinked appear weak with a higher incidence of missing cores or partially broken
shells when rehydrated. The flowing crosslinked samples are stronger with just a few showing
broken cores and the shells appear intact when rehydrated. These results show the importance of
the crosslinking conditions on the shell strength and suggest that flowing crosslinking followed by
full crosslinking after drying provides a route to generate strong capsules that can survive all the
processing stages.
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3.10 Encapsulation of Antimicrobial Oils in CNC-PEGDA Capsules
While the PDMS oil serves as a model oil for the CNC-only and CNC-PEGDA capsules oil
core, its encapsulation has little commercial value. The encapsulation of antimicrobial oils is of
great interest for bio-application, agriculture, cosmetics and food. Three antimicrobial oils,
peppermint, tea tree and lemon oil, were encapsulated in CNC-PEGDA capsules using the flowing
crosslinking method. Each of these oils provide unique health benefits in ointments, food
preservation and safety, aromatherapy, and as antibacterial coatings [30, 31]. The three oils are
also highly aromatic, with lemon oil being the most fragantly potent of the three followed by
peppermint and tea tree oil. Lemon oil contains over 23 chemicals with limonene being the principal
component and responsible for its smell [48]. Limonene is a cyclic terpene hydrocarbon with a
molecular weight of 136.24 g/mol. Peppermint contains high levels terpenes like menthol combined
with alcohols which are responsible for the mint aroma [49]. Tea tree oil is composed of a mixture
of terpenes with terpinen-4-ol, a monocyclic terpene alcohol, corresponding to over 40 wt% of its
composition [50]. The high volatility of some of the compounds in each of the antimicrobial oils
presented a significant encapsulation challenge. Double emulsion drops made using any of the
antimicrobial oils in pure form were unstable after generation. For example, lemon oil core double
emulsion drops show a high degree of core breakup even after partial shell UV crosslinking right
after generation. In some case, it appeared that lemon oil was evaporating through the shell.
Peppermint and tea tree oil core double emulsion drops appeared initially stable but significant core
breakup occurred during storage. The CNC-PEGDA shell simply was not able to contain the
volatile cores which seem to disrupt the shell microstructure. To enable encapsulation, the
antimicrobial oils were mixed in a 1:1 ratio with PDMS oil. While a hydrocarbon oil such a low
viscosity mineral oil would have been a more chemical compatible choice, PDMS oil provide
stability to the double emulsions therefore it was used in the mixtures.

46

Core Composition
(mixed 1:1 with
PDMS oil)

Qout (µL/h)

Qmid (µL/h)

Qin (µL/h)

a

Peppermint Oil

2500

600

500

74

113

b

Tea Tree Oil

1800

500

150

112

189

c

Lemon Oil

2200

800

400

108

220

dinn (µm) dout (µm)

Figure 29. (a-c) Optical images of the generation of double emulsion drops composed of 1:1
antimicrobial oil to pdms oil cores surrounded by cnc-pegda suspension drop dispersed in pdms oil
with 2 wt% 749 surfactant. (below) table containing the core drop composition for the samples,
flow rates used, and drops inner (dinn) and outer (dout) diameters. The scale bar in (c) applies to all
images.
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The generation of double emulsion drops containing 1:1 antimicrobial/PDMS oil cores
surrounded by a 10 wt% CNC/10 wt% PEGDA suspension drop dispersed in PDMS oil with 2 wt%
749 surfactant are show in Figure 26. Double emulsion generation was successful for all the oil
mixtures and the drops were stable in solution. The flow crosslinking method was used in all the
samples. Notice that the overall size of the double emulsion drops was larger for the tea tree and
lemon oil. Only flow rates that resulted in large drops lead to stable generation. This might be due
to the detrimental effect the antimicrobial oils have on the microcapillary device surface coatings.
The wettability of the different sections of the device changed drastically after a few trials using
the antimicrobial oils, therefore only certain flow rates led to stable generation. The effects of a
degraded coating can be appreciated in Figure 26b and 26c where the CNC-PEGDA suspension
partially wetted the hydrophobic collection capillary.
Double emulsions with antimicrobial/PDMS oil cores are stable in the PDMS oil continuous
phase and survive further processing steps. Optical images of antimicrobial/PDMS oil core CNCPEGDA shell capsules, (i) after 5-minute flowing UV crosslinking, (ii) dried capsules in PDMS
oil, (iii), dried capsules in air, and (iv) after rehydration are shown in Figure 27. The collected
flowing crosslinked drops appear spherical in shape with no evidence of surface indentations and
the dried capsules in PDMS oil show a smooth spheroidal surface similar to the samples in Figure
23d. All capsules are robust and survive all stages of processing from generation to rehydration
demonstrating the use of CNCs as biofriendly encapsulation material.
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Core Composition
Sample (mixed 1:1 with PDMS
oil)

dinn (µm)

dout (µm)

doutf (µm)

Shell
Thickness
(µm)

(a)

Peppermint Oil

49

81

59

12

(b)

Tea Tree Oil

69

106

75

9

(c)

Lemon Oil

105

222

136

24

Figure 30. Optical images of cnc-pegda shell capsules with (a) peppermint, (b) tea tree, and (c)
lemon oil cores mixed 1:1 with 10 cst pdms oil, (i) after 5-minute flowing uv-crosslinking, (ii) dried
capsules in pdms oil, (iii), dried capsules in air, and (iv) after rehydration the scale bar in (c-iv)
applies to all images.
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CHARPTER 4.

CONCLUSIONS

This work successfully demonstrates the fabrication of capsules using CNCs as the
encapsulation material from double emulsion drops generated in microcapillary devices. The
double emulsions were composed of an oil core, PDMS or antimicrobial oils, surrounded by CNConly or CNC-PEGDA suspension drops dispersed in 10 cSt PDMS oil continuous phase. Once the
drops are generated a fraction of the CNCs adhere to the oil water interface influencing CNC
assembly in the outer drop (shell). A Maltese cross was characteristic of CNC-only and CNCPEGDA shells in solution due to CNC assembly parallel to the drop curvature. The anisotropic
phase observed in bulk samples translated to the drops where this phase occupies a fraction of the
shell. During drying and for relatively thin shells the anisotropic phase combined with the
difference in density with the oil core, resulted in a dried shells with a thick region on one side and
a thin one on the opposite side. The non-uniform shell becomes more pronounce as the ratio
between dout and dinn increases. Two UV-crosslinking schemes were tried for CNC-PEGDA
capsules, one stationary and the other flowing. Stationary crosslinking resulted in weak capsules
that did not survive the rehydration process. Flowing crosslinking on the other hand resulted in
strong capsules with a more spherical shape that survive all stages of processing. Finally,
antimicrobial/PDMS oil mixtures were encapsulated in CNC-PEGDA capsules to demonstrate the
potential of CNCs to encapsulate bio-relevant compounds.
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