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via membrane emulsification of stable microcapsules
using renewable iopolymer wall materials keratin and chitosan is reported here
for the first time. tle formation was based on opposite charge interactions between
keratin and chitosan, which formed polyelectrolyte complexes when solutions were mixed at pH

5.5. Interfacial complexation was induced by transfer of keratin-stabilized primary emulsion

droplets to chitosan solution, where the deposition of chitosan around droplets formed a core-shell



structure. Capsule formation was demonstrated both in batch and continuous systems, with the
latter showing a productivity up to 4.5 million capsules per minute. Keratin-chitosan

microcapsules (in the 30- 120 um range) released less encapsulated Nile red than the keratin-only

emulsion, whereas microcapsules crosslinked with glutaraldehyde stable for at least 6

months, and a greater amount of crosslinker was associated with ced dye release under the

on skin).

KEYWORDS: Microencapsulation; me emulsification; in; chitosan; biopolymer;

coacervation; layer-by-layer; polyelectrolyte

INTRODUCTION:

making them smal to pass through wastewater treatment plants into aquatic

environments,® contribufing to microplastic pollution when synthetic, non-biodegradable wall
materials are used (e.g. PEG,” PMMA 2 or melamine-formaldehyde!). The environment is polluted

with 36,000 tons of microplastics each year in the EU alone;® and concerns over the implications



for aquatic life and human health have grown with the emergence of studies confirming the
presence of microplastics in the entire human food supply chain.!®
While steps have been made to tackle microplastic pollution, including enacted and proposed

limited bans on plastic microbeads,’ there remains a need to develo icrocapsules based on

icroencapsulation

y proteins, chitosan,

crustacean waste by ded€etylation of chitin,'® most of which has no downstream use,'* making it

another ideal sustainable biomaterial. Critically, chitosan is positively charged below its pKa

(~6.5)% and, therefore, complexation with keratin via electrostatic interactions is likely. Chitosan



and keratin have been previously combined to prepare composite films,?! and chitosan has been

used in conjunction with other anionic biopolymers in similar microencapsulation systems.!*-2

Most instances of coacervate-based microcapsules in the literature use homogenization as the

linking in the shell o e of an oil-soluble dye from the encapsulated oil phase.

EXPERIMENTAL SECTION



Materials. Clean sheep’s wool was obtained from Wingham Wool Work. Sunflower oil was
obtained from Tesco and used as the disperse phase (DP) for the primary emulsion. Urea 298%,
sodium metabisulfite 299%, tris(hydromethyl)aminomethane >99.8%, sodium dodecyl sulfate

(SDS) 295%, Hydrochloric acid (HCI, 35%) and sodium hydroxide (Na 98%) were purchased

solution grade II 25 wt% in H,O were obtained
purification.
Keratin was ext

Preparation of biopolymer solutié from wool by using sodium

metabisulfite as a reducing agent to cleave'di bonds." Clean ’s wool (30 g) was heated

in 1 L deionized water containing 8 M urea, §

Chitosan (1 wt%) lized in 1 wt% acetic acid by overnight stirring at room temperature.

The solution was vacuum filtered (Whatman, Grade 1), diluted to the desired concentration with

deionized water and adjusted to pH 5.5 using NaOH.



Zeta potential of keratin solution. The prepared keratin solution, to be used as the continuous
phase (CP) of the primary emulsion, was adjusted to pH values between 2-12 using NaOH and
HCI. Each sample was loaded into a folded capillary cell and the zeta potential was measured using

a Zetasizer Nano ZSP instrument (Malvern Instruments, Malvern, . Two samples were

prepared for each pH value, each measured in triplicate.

Turbidity measurement. Mixtures of keratin and chitosa

spectrophotometer (Cole-Palmer, St

%Trans from 100.

was determined fro h@pe of the rising drop before droplet detachment. An average of 3

measurements was takeg’(drop volume ~4 uL).
Stirred cell membrane emulsification (SCME). O/W emulsions were prepared by SCME

using a Liquid Dispersion Cell (Micropore Technologies) and ringed, stainless steel, disc



membranes. Prior to use in membrane emulsification, the stainless-steel membranes (both disc and
tubular) and additional inner rod underwent a standard cleaning procedure.?® Briefly, the items
were immersed sequentially in an ultrasonic bath for 1 minute in deionized water, 4 M NaOH,

s were soaked for 10

deionized water, 10 % wt citric acid, and finally deionized water. The 4
minutes in the acid and base solutions after sonication and were ri with tap“water afterwards,
before transfer to deionized water.

membrane into

the wall
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Figure 1: Stainless-Steel Tubular membrane and assembly in membrane housing (a) Tubular
membrane; (b) Optical micrograph of tubular membrane pores; (c) Schematic showing tubular

membrane, its dimensions and boss positions; (d) Schematic showing tubular membrane assembly



in membrane housing; (e) Schematic showing cross-section of A-A’ on membrane assembly; (f)

Process flow diagram for the continuous cross-flow membrane emulsification apparatus used.

The stainless-steel tubular membrane and inner rod were obtained from okerf, Leicester, UK.

pitch.

The stainless-steel tubular membrane was clea

e absence of coalescence and 1 mL creamed droplets were mixed

by gravitational crea
with 1 mL deionized wager and immediately added to 10 mL 0.25 wt% chitosan. This was followed

by the addition of 0, 25 or 50 pLL GTA solution under stirring at room temperature. Samples were

placed on a roller for 1 h and subsequently stored at room temperature.



Imaging and sizing of emulsion and microcapsules. Optical micrographs were captured using
a SP400 microscope and digital camera (Olympus). Volume-weighted particle size distributions
were obtained using a Mastersizer 3000 particle size analyzer and wet dispersion unit (Malvern

Instruments) operating at 2000 rpm. The Ds, and span were recorded.

Monitoring of adsorption of chitosan. The zeta potential of ary emulsion droplets was

NaOH.

Fluorescence micr@ vere captured using an EVOS M5000 Imaging System (Thermo
Fisher Scientific) fitted ith a green fluorescent protein (GFP) light cube with excitation (A.,) and
emission wavelengths (A.,) of 470 nm and 525 nm respectively for the visualization of FITC-

labelled chitosan, and a red fluorescent protein (RFP) light cube (A., = 531 nm, A, = 595 nm) for

10



visualization of the Nile red stained oil respectively. Prior to imaging, the microcapsules were
dispersed in deionized water to reduce background fluorescence from unadsorbed chitosan.
Release of encapsulated Nile red. Both un-crosslinked and crosslinked microcapsules were

prepared using sunflower oil stained with Nile red (1 mg/mL) to make t imary emulsion. As a

by measurement of known concentrations of a uted with unstained

the extraction process d to prevent the major aggregation of solubilized keratin during

dialysis. Previous reseanh on the use of SDS in the extraction of feather keratin suggests that while

most of the SDS was removed by dialysis, some remained complexed to keratin molecules which

would impart a more negative overall charge.”

11
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Figure 3. (a) Dispersions of mixed chitosan and keratin solutions (0.3 wt% chitosan, 0-0.5 wt%
keratin, pH 5.5); (b) controls containing only keratin solution (0-0.5 wt% keratin, pH 5.5); (¢)
turbidity of dispersions containing 0.3 wt % chitosan and 0-0.5 wt % keratin, pH 5.5, diluted 10x

with deionized water. Error bars (mostly smaller than the dot size) repre he standard deviation

from 3 measurements. The diagram shows the proposed interactd echaniSm of keratin and

chitosan.

hydrophobic interactio take place between keratin’s non-polar amino groups (e.g. leucine,

valine) and chitosan’s acetyl groups.
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Primary emulsion generation by stirred cell membrane emulsification. After confirmation
of complexation between keratin and chitosan, the next step was to apply the interaction at the
interface of an emulsion. The membrane emulsification of the primary emulsion (stabilized by

keratin) was explored by small batch (100 mL) SCME to scope t oplet size range and

uniformity of generated emulsions prior to scaling up to co ous crossflow membrane

range of parameters tested (Figure 4b). This idati riments carried out

with both membra re si
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Figure 4. (a) Optical micrographs of smallest and largest keratin stabilized microdroplets produced

by stirred cell membrane emulsification of sunflower oil in 1 wt % keratin solution: (i) Experiment

14



3: d, = 10 pm, injection rate = 0.3 mL/min, stirring speed = 1100 rpm, Ds= 29.9 pum; (ii)
Experiment 6: d, = 30 wm, injection rate = 0.5 mL/min, stirring speed = 400 rpm, Ds,= 126 um.
Scale bar = 500 um. (b) 4-D contour plots showing the predicted Ds, (median volume diameter) of

irred cell membrane

emulsions of sunflower oil in 1 wt% keratin solution produced b

emulsification.

(Figure 4b). Althoug

pared to other factors (Table S2). This result
dripping to jetting regimes or vice versa, which
ontindtty in droplet diameter.

The span, a d 51 ber indicating the width of the distribution of the emulsions,
ranged from 0.368 to 0 able S1). The DOE was used to identify the parameters where span
would be lowest, and therefore the droplets would be most uniform. The model was tuned in order

to improve the fit and future prediction precision by log transformation, removal of an insignificant

term (injection rate), and addition of an identified squared term (stirring speed), resulting in an R?

15



value of 0.95 and Q? value of 0.79. For the 30 um pore diameter, DOE results indicated that low
stirring speeds promoted monodispersity. Within the design space, droplets generated at 400 rpm

were, therefore, most uniform. An opposite effect was observed with the 10 ym membrane whose

uniformity increased slightly with increasing stirring speed. The impact irring speed was more

respectively (Figure 3 ated by eq S1 and S2. As the membrane in the xME configuration
has approximately 10x 4nore pores than the SCME disc membrane owing to the increased pore

area of the membrane, a proportionally higher DP flowrate was needed to maintain the same Wey

(~5 mL/min of sunflower oil in the XME system compared to 0.5 mL/min in the SCME). The CP

16



flowrate needed to obtain similar shear, approximated by equation S7, was applied to the xXME (i.e
300 ml/min).
From this first value, the XME system was further tuned following three (3) strategies (Figure

Sa): increasing Ca, at constant Weg; reducing We, at constant Ca,; and a bination of increasing

Ca. and reducing We,.

For the first strategy, droplet diameters with Ds, approa

due to, again, a
(Figure 5-v).

In both cases of thinniftg jetting (i.e. Figure 5-ii,v), larger droplets were observed in the extreme

of point (ii) as a result of poor keratin interface saturation of small microdroplets formed at the

inception of jetting, with a large surface area that are not properly coated with keratin which

17



coalescence to form the larger droplets. This occurred less in point (v) due to lower We, (hence,
lower droplet generation frequencies) that enabled interface saturation at the inception of jetting.
The formation of large droplets at high shear are seldom observed in surfactant systems due to the

smaller molecular size of surfactants which promotes fast migration to interface.

18
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Figure 5. (a) Wey-Ca, plot showing keratin stabilized microdroplets produced using the SCME

and crossflow membrane emulsification rig. For XME, Path A shows Ca, increase, Paths B,C and
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D show We, reduction, while Paths E and F show simultaneous increase in Cac and reduction in
Wey; (b) Size distributions and optical micrographs of keratin stabilized microdroplets produced
using (i*) SCME (Experiment 6: D5y = 126 pm, Span= 0.368) and (i)-(viii) xME; insets show

particle size distributions, using i* as a reference in all distributions. F and (b), (i) Dy = 199

pm, Span=0.708; (i1) Dy = 123 ym, Span=0.823; D4 =167 ym, S 559; Dy= 160 ym, Span=

5 paths E and F). This was done just enoug

formed at a

(vi) of Figure 5 depicts d

Microcapsule forma and stability. Zeta potential measurements were used to monitor the
deposition of chitosan at the surface of keratin-stabilized emulsion droplets to form the

microcapsule shell. The untreated primary emulsion droplets had a negative zeta potential

(between -20 to -30 mV) due to the negatively charged keratin at the interface (Figure 6a). After

20



treatment with chitosan, charge reversal occurred, indicating the adsorption of positively charged
chitosan at the droplet surface with the zeta potential increasing sharply with increasing
concentration of chitosan and then levelling off at 20-30 mV, suggesting adsorption saturation. As

such, a concentration of 0.25 wt% chitosan was chosen as the optimal v,

surface (Figure 6b-i), and the location of the oil phase

(Figure 6b-ii). Both images merged to (Figure 6b-iii) strate a core-shell structure,

confirming the Zeta potential results.

—
LY
S

Zeta potential (mV)

0 0.2 0.4 0.6 0.8

Concentration of chitosan (%)
v

Figure 6. (a) Zeta potential of keratin-stabilized oil droplets after treatment with 0-1 wt % chitosan

solution. Error bars represent standard deviation from 3 measurements. (b) Fluorescence
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microscopy images of keratin-chitosan microcapsules containing sunflower oil. (i) FITC-labelled
chitosan (A = 470 nm, A, = 525 nm); (ii) Nile red stained sunflower oil (A, = 531 nm, Aey, = 595

nm); (iil) merged. Scale bars = 750 pum.

added during microcapsule formation

chitosan molecules.

tability. GTA addition increased the initial

lusters, which the laser cannot distinguish from a

containing 50 u I8 A solutior

The stability of the dcapsules was further investigated by studying the release of an
encapsulated dye from the microcapsules into an external free oil phase under both static and
dynamic conditions. After 5 days of static incubation at room temperature, significantly less Nile

red was released from the microcapsules as compared with the primary emulsion (Figure 7b),

22



probably due to a gel-like coacervate network at the interface, which is thought to reduce
permeability to small molecules.’’” Upon applying centrifugal force, while all microcapsule
samples released less dye than the primary emulsion, the percentage Nile red release from

than un-crosslinked

microcapsules crosslinked with 50 L. GTA was around 10 times hij
ore rigid, brittle

shell caused by a high number of covalent crosslinks betwee lecules,*® making the

genipin, a plant sourced crosslinking agen

(a) (b)

be . oo of .3° o i @ oAIEY 15
25 of Gpo P, 6 f:ﬁ £ 25
e i

>0
2000 %\eon&&. ol E
st e T S
X, 00 oo b >
i 508 0
X %

10

N
o

1 10 100 1000
Diameter (um)

[
(5.}

D 55.4 um
Dy, = 55.4 um

Dial:\eterl(‘:aom) o I | I I I I
oo 0 m EN
—/\\‘ Primary 0 GTA 25 GTA 50 GTA

1 10 100 1000 M Static ® Dynamic

Diameter (um)

Nile red release (%)
[y
o

-

(5}

Figure 7. (a) Optical micrographs and particle size distributions of keratin-chitosan microcapsules:
(1) un-crosslinked (ii) crosslinked by addition of 25 yL glutaraldehyde solution per 10 mL sample;

(ii1) crosslinked by addition of 50 uL glutaraldehyde solution per 10 mL sample, immediately after
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synthesis (orange solid line) and after 6 months of ambient storage (blue dashed line). Scale bar =
500 pwm. Arrows point to irregular structures. (b) Percentage release of Nile red from primary
emulsion droplets stabilized by keratin alone vs keratin-chitosan microcapsules crosslinked with
0-50 uL glutaraldehyde solution per 10 mL sample, after 5 days static incubation at room

temperature, or 15 min centrifugation (5000 x g). Error bars represent standard deviation from 3

measurements.

increased droplet generation frequency, as
creased membrane surface area. Consequently, a
higher DP i vity was achieved. Considering the data in Figure 4,
t (ii), a droplet generation frequency of 76,168 droplets/s
(equivalent to about 4% on droplets per minute) was obtained due to the xXME’s membrane
pore area being ~10 tinles that of the SCME for the same DP flux. Further increases in droplet

generation, while maintaining emulsion quality, can be obtained by increasing the membrane

diameter and/or reducing the pitch length between pores. For example, doubling the inner diameter

24



of the membrane at constant annular diameter and membrane thickness, or doubling the length of
the membrane would double the frequency of produced droplets produced at point (vii) conditions
to ~51,000 droplets/s. Reducing the pitch length by 50% would have the greatest productivity

lets/s. A combination

effect by increasing the droplet generation frequency 4-fold to ~103,000
of the 3 changes would result in a 16-fold higher droplet gene frequency. These values,
together with numbering-up strategies, show that the kera icrocapsules could be

produced at industrial scale.

CONCLUSIONS

of keratin and chitosan, the stability of microcapsules at skin-pH and

toxicity and biocompat
possible release mechanism of mechanical rupture (e.g. rubbing on skin), these capsules may find

use in cosmetic, personal care or biomedical products.
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For Table of Cont

Membrane
emulsification

keratin sunflower oil

chitosan — glutaraldehyde
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