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Microcapsules are commonly used in applications ranging from therapeutics to personal care products
e due to their ability to deliver encapsulated species through their porous shells. Here, we demonstrate a
www.rsc.org/journalname simple and scalable approach to fabricate microcapsules with porous shells by interfacial complexation
of cellulose nanofibrils and oleylamine, and investigate the rheological properties of suspensions of the
resulting microcapsules. The suspensions of neat capsules are viscous liquids whose viscosity increases
with volume fraction according to a modified Kreiger-Dougherty relation with a maximum packing
fraction of 0.74 and an intrinsic viscosity of 4.1. When polyacrylic acid (PAA) is added to the internal
phase of the microcapsule, however, the suspensions become elastic and display yield stresses with
power-law dependencies on capsule volume fraction and PAA concentration. The elasticity appears
to originate from associative microcapsule interactions induced by PAA that is contained within and
incorporated into the microcapsule shell. These results demonstrate that it is possible to tune the
rheological properties of microcapsule suspensions by changing only the composition of the internal

phase, thereby providing a novel method to tailor complex fluid rheology.

1 Introduction o ) ,
viscosity that increases as 1 = ns(1 + [n]¢), where [n] = 2.5 is

the intrinsic viscosity and 7y is the solvent viscosity. At larger
¢, the suspensions become non-Newtonian and shear thin with

Microcapsules are droplets of liquid encapsulated within a thin,
solid shell. 1-3 Whereas two immiscible liquids can be chemically

stabilized with a surfactant to form an emulsion, the internal and
external phases of a microcapsule are physically separated by the
shell. The majority of capsule syntheses use microfluidic*® or
bulk”-8 approaches to drive the complexation or precipitation of
species such as graphene, ? nanoparticles, 10 or polymers, ! at the
droplet interface. The resulting shells are commonly semiperme-
able to allow for exchange between the encapsulated phase and
the surrounding environment. This exchange mechanism makes
microcapsules ideally suited for use in drug delivery and con-
trolled release applications, 2 self-healing materials, '3 and cell
and tissue cultures. 1416 In each of these applications, suspen-
sions of porous microcapsules must be processed and delivered to
areas of interest before the exchange begins. Thus, it is critical
to understand the rheology and behavior of microcapsule suspen-
sions under shear.

For suspensions of non-interacting hard spheres, the rheology
depends completely on a single variable — the volume fraction
¢.17 At low ¢, hard sphere suspensions are Newtonian with a
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a zero-shear viscosity that follows the Krieger-Dougherty expres-
sion® 1y = ns(1 — ¢/¢) M9 where ¢, ~ 0.64 is the volume
fraction at which the viscosity diverges. Beyond ¢,,, hard-sphere
suspensions become glassy and no longer flow.!® Microcapsules
are deformable particles, however, whose interaction profiles are
much softer than those of hard sphere particles.2? This softness
or deformability becomes a second variable, in addition to ¢, con-
trolling suspension viscosity.2! The viscosity of soft sphere sus-
pensions increases more gradually and diverges at higher volume
fractions than that of hard sphere suspensions. 22 If the compres-
sion and deformability of soft particles is accounted for, their sus-
pension rheology can be closely mapped onto hard sphere pre-
dictions. 2324 Microcapsules are unique when compared to other
classes of soft particles, such as polymer-grafted nanoparticles, 2>
charged colloids,26 and cross-linked microgels,2” because they
have a solid shell surrounding an incompressible fluid. The flex-
ibility and stiffness of this shell has been shown to control the
capsule deformation under shear28-30 and induce novel rheolog-
ical phenomena such as negative intrinsic viscosity3! and stream
migration, 3233

In this paper, we demonstrate a facile and scalable method
to produce microcapsules approximately 25-200 um in diame-
ter through a complexation between cellulose nanofibrils and
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oleylamine. The resulting microcapsules are stable in organic
and aqueous suspensions and are porous to allow diffusion of
encapsulated macromolecules into the continuous phase. Sus-
pensions of these microcapsules are strongly shear-thinning with
zero-shear viscosities that deviate from hard sphere predictions as
a function of volume fraction. We tailor the interactions between
microcapsules in suspension by incorporating polymeric additives
to the internal phase. These additives induce strong attractive
interactions between the microcapsules, resulting in the devel-
opment of a yield stress that scales with microcapsule volume
fraction ¢ and additive concentration. We confirm that the modi-
fied microcapsules quiescently structure into an elastic network of
clusters that break apart under shear, generating hysteresis in the
suspension flow behavior. Our results demonstrate that additives
to the internal phase of microcapsules can control the solution
structure and rheology.

2 Materials and Methods

2.1 Millifluidic synthesis of microcapsules

A stock suspension of TEMPO-modified cellulose nanofibrils
(CNF) was acquired from the Process Development Center at the
University of Maine at a concentration of 1.1 wt.% and a sur-
face charge concentration of 1.5 mM per gram of dry CNF. The
stock solution of CNF was diluted to a concentration of 0.3 wt%
to form the aqueous dispersed phase. The organic, continuous
phase was formed by dissolving oleylamine (OA, Millipore Sigma)
in toluene at 2.5 wt.% composition. CNF/OA capsules were syn-
thesized using a millifluidic junction device fabricated with 1/32-
inch PTFE tubing connected to polypropylene T-junction device.
The aqueous CNF suspension was flowed at 0.01 to 0.04 mL/min
through the T-junction into an external, continuous phase of 2.5
wt.% OA/Toluene solution with a flowrate of 0.2 to 0.4 mL/min.
The length of the tubing was adjusted to allow for a residence
time of at least 5 min to ensure complete capsule formation. The
capsules were collected in a fresh 2.5 wt.% OA/ Toluene solu-
tion. This millifluidic approach produced spherical capsules at a
size of 5804200 um but at a low-throughput. To produce large
enough volumes of capsules for rheological measurements, we
transitioned to a batch synthesis approach.

2.2 Batch synthesis of microcapsules

A master batch of capsules was prepared by adding the aqueous
CNF suspension to the OA/toluene solution at a volume fraction
¢ = 0.15 and mixed using a high speed rotating mixer (3000 or
10,000 rpm, IKA T18 Ultra Turrax) for approximately two min-
utes until the aqueous phase was completely dispersed and the
solution becomes turbid. The suspension was then stirred at 3000
rpm for five minutes to keep the microcapsules suspended and
to allow for microcapsule shell formation. Microcapsule suspen-
sions were concentrated from this master batch by decanting the
supernatant. Suspensions of microcapsules modified with poly-
acrylic acid (PAA, approx. My, = 250 kDa, Millipore Sigma) were
produced in a similar manner by first dissolving the desired con-
centration of PAA in the aqueous solution before mixing. Suspen-
sions with depletant interactions were synthesized by dissolving
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polystyrene (PS, approx. My, = 210 kDa, Scientific Polymer Prod-
ucts, Inc.) to the continuous phase during density matching.

2.3 Density matching

The density of the surrounding medium was matched to that of
the microcapsules to avoid sedimentation during rheology mea-
surements. Chloroform was added to toluene dropwise and until
no sedimentation was observed under centrifugation at 1200xG.
The final composition of the continuous phase was 64.5% toluene
by weight and the balance chloroform. Chloroform did not affect
the stability of the microcapsules in suspension.

2.4 Solvent transfer

Optical microscopy experiments were conducted by transferring
the microcapsules to an aqueous phase. Microcapsules suspended
in toluene were centrifuged and the toluene decanted. The mi-
crocapsules were then washed with hexane, centrifuged, and the
solvent decanted. Residual hexane was evaporated by gentle ex-
posure to dry nitrogen gas. The remaining capsules were then
washed twice with DI water before any measurements.

2.5 Microscopy

FITC-labelled Dextran (10 kDa, Millipore-Sigma) and rhodamine
labeled PS microparticles (diameters of 0.8 um and 2 um,
Thermo-Fisher Fluoro-Max) were suspended in the aqueous
phase prior to fabrication to encapsulate them within the mi-
crocapsule shell. Microcapsules were characterized using bright
field and fluorescence microscopy using a Zeiss Axiovert 200 M
inverted microscope at magnifications of 5x and 20x. The mi-
crocapsules were placed in a petri dish and immersed in either
hexane or water and then imaged over time.

2.6 Rheology

All rheological measurements were performed on TA ARES G2
rheometer using concentric cylinder geometry a bob diameter
of 27.666 mm and a cup diameter of 30 mm. Oscillatory mea-
surements were conducted at 25°C and at an oscillation strain of
vY=10.5 %. This strain was confirmed by an amplitude sweep to be
in the linear viscoelastic regime for all microcapsule suspensions.
Steady shear measurements were conducted with increasing and
decreasing shear rates to assess sample stability and hysteresis. At
each shear rate, the sample was sheared for 10 seconds to estab-
lish steady state and then averaged over an additional 5 seconds
to quantify the stress. Sample evaporation was minimal in this
geometry because of the small area exposed to the atmosphere
relative to the volume of the sample.

3 Results and Discussion

3.1 Microcapsule synthesis and characterization

We previously reported the synthesis of microcapsules formed
by complexation of a random cationic copolymer (MADQUAT-co-
BTA) with anionic cellulose nanofibrils (CNF).® Here, we show
that a similar complexation is achievable using oleylamine (OA),
a commercially available small molecule. We first demonstrate

This journal is © The Royal Society of Chemistry [year]

Page 2 of 8



Page 3 of 8

()] Toluene

° e —
917 | | Water ) ~ 5
o © o° \ _- -
. L -~ CCllom
© ®
© . a
e @ Micro-
capsules on %f

COONa

Soft Matter

(b) 3000 RPM (d)
200

150 -

100 |-

50_- l

Diameter (um)

(h) ;)

Fig. 1 (a) Schematic of microcapsule batch synthesis. (b,c) Micrographs and (d) size distribution of microcapsules formed at different mixer speeds.

Micrographs of FITC-dextran loaded microcapsules suspended in (e) hexane and in water after (f) 1 =35 min and (g) = 10 min.

Microcapsules in

water containing 2 um microparticles under (h) brightfield and (i) fluorescent illumination. Dashed lines indicate microcapsule boundary.

the formation of microcapsules via the OA/CNF complexation us-
ing a millifluidic device. The CNF and OA complex at the droplet
interface to form a thin, solid shell3* that mechanically stabilizes
the droplets to prevent coalescence. The resulting microcapsules
are strong enough to survive solvent transfer out of the oil phase
into an aqueous phase. When the microcapsules are suspended
in an oil phase, the aqueous internal phase of the microcapsule
remains trapped within the CNF shell (Fig. 1).
transfer into an aqueous phase, however, the microcapsules be-
gin to exchange their internal phase with the surrounding solu-
tion through pores in the CNF shell. We visualize this exchange
by encapsulating FITC-labelled dextran within the microcapsules
and imaging the capsules over time. By contrast, larger objects
such as 2 um microparticles remain trapped within the porous
shell and do not diffuse into the surrounding liquid. These mea-
surements suggest that the pores in the microcapsule shell are on
the order of 100 nm — 1 um. Confirming that we successfully syn-
thesize porous microcapsules through the complexation of oley-
lamine and CNF, we now focus on characterizing the behavior of
the capsules in suspension.

After solvent

Although a micro- or millifluidic synthesis produces uniform
capsules with a controlled size, the process is difficult to scale to
produce large volumes for bulk rheological characterization. As
an alternative production method, we develop a simple bulk syn-
thesis procedure in which the OA-rich oil and CNF suspension are
combined in a high-shear mixer (Fig. 1). The shear breaks the
aqueous suspension into droplets and prevents coalescence as the
OA and CNF complex, resulting in stable suspensions at a volume
fraction ¢ = 0.15. The size of the capsules is controlled by the
speed of the mixer, with higher speeds generating smaller cap-

This journal is © The Royal Society of Chemistry [year]

sules (Fig. 1). Suspensions are then concentrated by decanting
excess solvent after centrifugation and subsequent resuspension.
Although the capsules produced by this bulk procedure are poly-
disperse in size and less spherical than those produced using the
millifluidic approach, the procedure results in large volumes of
dense capsule suspensions.

3.2 Rheology of microcapsule suspensions
We measure the viscosity 1 of suspensions with increasing cap-
sule volume fraction ¢ in a density-matched solvent mixture of
OA, toluene, and chloroform to prevent sedimentation of the cap-
sules (Fig. 2). We normalize 1 to that of the solvent 71y to re-
move inertial effects from the rheometer geometry. At low ¢, the
suspension viscosity is Newtonian and close to that of the sol-
vent (i.e. n/ns=1). As ¢ increases, 1/1; increases and begins
to strongly shear thin with increasing shear rate. We approxi-
mate the zero-shear viscosity 19, which characterizes the quies-
cent suspension properties, by averaging n for y < 1 rad s~!. The
zero-shear viscosity of these neat microcapsule suspensions can
be well described using a modified Krieger-Dougherty equation 3>
No/Ms = (1 —¢/¢m) M9 where ¢, = 0.73 +0.22 represents the
maximum packing fractlon and [n] = 4.1+ 1.6 is the intrinsic vis-
cosity of the CNF capsules. These values deviate from predic-
tions for hard spheres and may reflect contributions from parti-
cle anisotropy, 3637 polydispersity, 38 softness,2! or weak attrac-
tions. 3 This departure from the behavior of hard-sphere suspen-
sions indicates that we may be able to tune the rheology of these
suspensions by modifying the capsule properties.

The properties of the capsules can be tuned by incorporating
macromolecular additives into the shell. One additive, polyacrylic

Soft Matter, [year], [vol.], 1-8 |3
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Fig. 2 (a) Steady shear viscosity 1 normalized to solvent viscosity 7
as a function of shear rate ¥ for CNF/OA microcapsule suspensions at
various volume fractions ¢. Dashed line indicates zero-shear viscosity
No. (b) Zero-shear viscosity normalized to the solvent viscosity 1o/ns of
microcapsule suspensions as a function of ¢. Dashed curve indicates fit
to a modified Krieger-Dougherty equation.
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acid (PAA), has been shown to increase the microcapsule mod-
ulus by over an order of magnitude.® We incorporate PAA into
the microcapsule shells by dissolving it into the CNF suspension
before complexation with OA. The rheology of the PAA-modifed
capsules exhibits demonstrably different behavior than that of
neat capsules. Specifically, n diverges at low stresses rather than
plateauing, indicating that the material has a characteristic yield
stress oy. The appearance of a yield stress indicates that the PAA-
modified microcapsules structure in suspension to form an elas-
tic network under quiescent conditions. Whereas suspensions of
non-interacting hard spheres remain predominantly viscous fluids
below the glass and jamming transitions, suspensions of attrac-
tive colloids develop elasticity at much lower volume fractions
as the attractive interactions drive the formation of particle clus-
ters. *0:41 Under shear, stress builds within the cluster until it over-
comes the attractive interactions, pulls individual colloids apart,
and yields the sample.4? The flow curves for the suspensions of
PAA-modified microcapsules (Fig. 3(a)) are consistent with this
physical picture. At low o, n diverges because clusters of PAA-
modified microcapsules behave as elastic solids. For ¢ > oy, the
suspension viscosity decreases rapidly as the clusters break apart.
In the limit of high stress, i for the PAA-modified suspensions
approaches 1 for suspensions of neat microcapsules because the
shear forces completely dominate the interactions between cap-
sules. It is also important to note that the rheology data in the
up and down sweeps is highly reproducible indicating that the
capsule shells do not break under shear.

At high cpaa, the microcapsule suspensions exhibit a plateau
in the viscosity of the suspension at intermediate stresses and a
hysteresis loop between the flow curves with increasing and de-
creasing shear rates (Fig. 3(a)). Hysteresis is commonly observed
in structured complex fluids when there is a competition between
structural reorganization and the imposed shear rates.*** For
the suspensions of PAA-modified microcapules, the hysteresis sug-
gests the microcapsules form different structures at intermediate
stresses depending on shear history. At low and high o, how-
ever, the flow curves are independent of shear history as inter-
particle attractions and shear forces dominate in each regime,
respectively. The hysteresis loop occurs at the viscosity plateau
for these high cppa suspensions. In attractive suspensions, sim-
ilar plateaus have been observed for dilute gels*> and for con-
centrated glasses#® in which the lower yield stress corresponds
to breaking bonds between clusters and the stress controlling the
end of the viscosity plateau corresponds to breaking bonds within
clusters. Thus, as the shear rate (or shear stress) increases, the
system transitions from a network of percolating clusters, into a
suspension of dispersed clusters, and finally into a suspension of
individual microcapsules, as shown shown schematically in Fig.
4. For this paper, we are interested in how PAA modifies the in-
terparticle interactions and thus focus primarily on the scaling of
the higher stress that controls the breaking of interparticle bonds.

The yield stress for suspensions of attractive colloids is expected
to scale as oy ~ U ¢%, where U represents the magnitude of the
interparticle interaction potential and § ranges from 1.5 to 6 de-
pending on the system.*” To gain insight into how PAA induces
attractions between capsules, we extract the yield stress by fitting

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 (a) Viscosity 1 as a function of shear stress ¢ for microcapsule
suspensions at ¢ = 0.4 and varying PAA concentrations cpaa. Arrows
indicate yield stress values. Yield stress o, as a function of (b) PAA
concentration cpaa and (c) volume fraction ¢. Dotted lines represent
power-law scalings oy ~ cll,;_fA and oy ~ 028,
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Fig. 4 Schematic showing suspension microstructure at high cpaa as the
shear rate ¥ (or shear stress ) increases.

the flow curves to the Herschel-Bulkley expression ¢ = oy + K7",
where K is a viscosity prefactor and n is an exponent charac-
terizing the degree of shear thinning. For samples with a vis-
cosity plateau, we extract the stress at the end of the viscosity
plateau to compare the interparticle interactions across each sam-
ple. The yield stress scales as a power-law with PAA concentra-
tion as oy ~ ¢y, where a = 1.5+0.2 and with volume fraction
as oy ~ ¢5, where 6 =2.8+0.2 (Fig. 3(b,c)). The volume frac-
tion scaling is in good agreement with literature values for at-
tractive systems.*® Given that oy scales with U, the dependence
of oy on cpaa indicates that U scales with cpaa. Additionally,
the strength of the interparticle attraction increases with increas-
ing polymer concentration as U ~ cé,//&. Thus, incorporating PAA
into the microcapsule shell induces strong attractive interactions
between capsules with interaction potentials proportional to the
concentration of PAA.

We next use oscillatory rheology to probe the quiescent mechan-
ical properties of the network. The suspensions of PAA-modified
capsules behave like viscoelastic solids with G’ > G” and exhibit
only a weak dependence on frequency (Fig. 5). As cpaa in-
creases, the moduli of the suspensions increase, confirming that
the strength of interactions between microcapsule particles in-
creases with increasing cpaa. We also compare these quiescent
properties to the flow properties of the suspensions through the
complex n* and real n viscosities. In oscillatory and steady shear,
the suspension shear thins so that the viscosity decreases with @
and 7. There is a significant discrepancy, however, between the
magnitude of n* and n (Fig. 5(b)). This discrepancy indicates
that steady and oscillatory shear probe different states of the sus-
pension. The steady shear imposed on the suspension of attrac-
tive microcapsules disrupts their quiescent structure and thus de-
creases their contribution to suspension viscosity. By contrast,
under oscillatory shear in the linear viscoelastic regime, the sus-
pension maintains its structure so that the rheology reflects the
full contribution of the clusters formed by the attractive micro-
capsules. The comparison between steady and oscillatory shear
is fully consistent with the proposed structural changes shown in
Fig. 4.

3.3 Nature of microcapsule interactions

The rheological curves measured under steady and oscillatory
deformation indicate that the PAA additives induce strong at-
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Fig. 6 Viscosity n as a function of shear stress ¢ for neat microcap-
sules suspended at ¢ = 0.4 in solutions with varying concentration of
polystyrene cps.

tractions between microcapsules in suspension, but the origin of
these attractions remains unclear. In suspensions of hard spheres,
attractive interactions are most commonly induced through de-
pletion interactions, in which polymers dissolved in the con-
tinuous phase are excluded from regions near the particle sur-
faces, driving the particles together to minimize the excluded vol-
ume. 414950 We attempt to induce depletion interactions in sus-
pensions of neat capsules by dissolving polystyrene into the con-
tinuous phase and compare the rheological profiles to those for
the PAA-modified microcapsule suspensions (Fig. 6). The rheol-
ogy is drastically different between the two systems. In the deple-
tant system, there are minor increases in the suspension viscos-
ity at low stresses (i.e. low shear rates) but no clear divergence
indicative of a yield stress. The lack of a clear yield stress indi-
cates that the depletant interactions are much weaker than the
PAA-induced attractions. Second, although the depletant system
exhibits shear thinning behavior, n plateaus at higher values for
higher cpg, in stark contrast to the constant plateau observed in
the PAA-system. The different plateaus in the depletant system
arise because the dissolved polymer increases the viscosity of the
continuous phase surrounding the microcapsules. This effect is
not observed in the PAA-modified suspensions because the PAA
is expected to remain encapsulated within the CNF shell. These
differences in the rheology of the two classes of suspensions indi-
cates that the attractive interactions in the PAA-modified suspen-
sion are not depletant-like.

We hypothesize instead that the PAA induces interactions be-
tween the CNF microcapsules by changing the surface chemistry
of the shell resulting in capsules sticking to each other. It is well-
known that PAA dissolved in the continuous phase bridges par-
ticles to induce attractive interaction and flocculation in aque-
ous suspensions. °1->2 For the PAA-modified microcapsule suspen-
sions, however, the continuous phase is organic rather than aque-
ous, making it highly unlikely that a significant fraction of PAA is

This journal is © The Royal Society of Chemistry [year]
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dispersed in the continuous phase. Instead, we believe the PAA is
incorporated into the porous CNF shell to modify the shell chem-
istry. Thus, by encapsulating PAA in the internal phase of the
capsule, we modify the shell properties and induce interactions
between capsules in suspension. These sticky interactions require
direct capsule contact to operate. We expect that the kinetics of
these sticky attractions compete with the breaking apart of clus-
ters under shear to generate the hysteresis and plateau viscosity
observed under flow.

4 Conclusions

We produce microcapsules approximately 25-200 um in diameter
through a bulk emulsification-based method in which cellulose
nanofibrils complex with oleylamine at the oil-water interface.
The resulting microcapsules are porous to allow exchange with
their environment and are mechanically robust enough to sur-
vive processing and solvent transfer. We control the suspension
rheology by incorporating polyacrylic acid into the microcapsule
shell, which induces strong attractions between suspended cap-
sules and leads to the emergence of a yield stress and hysteresis
in the flow curves. The yield stress oy increases as a power-law
with suspension volume fraction ¢ and PAA concentration cpaa.
Additionally, the attractions between capsules results in a strong
elastic network whose modulus increases with increasing cpaa.
These rheological signatures suggest that the PAA-modified cap-
sules form clusters in suspension that break apart under shear
stress.

Importantly, we demonstrate that the rheological behavior of
microcapsule suspensions can be modified through additives to
the internal phase of the capsules. These internal additives do not
affect the properties of the continuous phase but instead gener-
ate attractive interactions between capsules to control the overall
macroscopic rheology. We expect this finding to be particularly
useful when designing injectable suspensions. Injectable suspen-
sions require strong shear thinning to pass through a syringe but
then must recover elasticity to remain in place.>3 Changes to the
shell chemistry are controlled by the composition of the internal
phase. By modifying the rheological properties in this fashion,
the properties of these suspensions may be more stable against
changes in the local environment. Additionally, it may be possi-
ble to generate suspensions with responsive rheological proper-
ties by incorporating stimuli-responsive polymers or other addi-
tives within the capsules.
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