N
N

N

HAL

open science

Hydrophilic and Double Hydrophilic/Hydrophobic
Microcapsules using a Single, Thermally Responsive,
Self-Sorting Dispersant

Lérys Granado, Céline Burel, Rémi Giordanengo, Ahmed M. Alsayed, Denis

Bendejacq, Francois Ganachaud

» To cite this version:

Lérys Granado, Céline Burel, Rémi Giordanengo, Ahmed M. Alsayed, Denis Bendejacq, et al.. Hy-
drophilic and Double Hydrophilic/Hydrophobic Microcapsules using a Single, Thermally Responsive,
Self-Sorting Dispersant. ACS Applied Polymer Materials, 2021, 3 (4), pp.1707-1711.

sapm.1c00077 . hal-03260189

HAL Id: hal-03260189
https://insa-lyon.hal.science/hal-03260189

Submitted on 14 Jun 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

10.1021 /ac-


https://insa-lyon.hal.science/hal-03260189
https://hal.archives-ouvertes.fr

Hydrophilic and Double Hydrophilic/Hydrophobic Microcapsules
using a Single, Thermally Responsive, Self-Sorting Dispersant

Lérys Granado "***, Céline Burel ', Rémi Giordanengo !, Ahmed Alsayed ', Denis Bendejacq'

and Frangois Ganachaud "*3**

! Complex Assemblies of Soft Matter, UMI 3254, Solvay/CNRS/Upenn, 350 George Patterson Boulevard, Bristol, Pennsylvania,

19007, United States

* Laboratory for Research on the Structure of Matter, University of Pennsylvania, Philadelphia, Pennsylvania, 19104, United States
3 CNRS, UMR 5223, Ingénierie des Matériaux Polyméres, Villeurbanne, 69621, France
*INSA-Lyon, Ingénierie des Matériaux Polyméres, Villeurbanne, 69621, France

* Correspondence: francois.ganachaud@insa-lyon.fr.

Supporting Information Available

ABSTRACT: Encapsulating and storing hydrophilic payloads
are still challenging nowadays Here, a simple pathway is de-
scribed to generate different water-filled microcapsule disper-
sions. We carefully chose a unique polyvinyl alcohol (PVA)
dispersant that is able to stabilize and cover both direct and
inverse interfaces. Single hollow capsules consisting of precip-
itated PVA shells were first prepared in one pot. Cargo release
was shown to vary from fast kinetics (pristine microcapsules)
to a diffusion-controlled one (cross-linked microcapsules) af-
ter an initial burst. We then describe an extremely easy process
to generate double microcapsules, which complexity was vis-
ualized by different fluorescent markers under a microscope.

The microencapsulation of hydrophilic molecules is an active
soft matter research topic that finds applications in pharma-
ceutical,’ cosmetic and food industries, nanomedicine,? sur-
face disinfection, water treatment and so on. Yet, water-soluble
molecules are generally more difficult to encapsulate than lip-
ophilic actives.>* For instance, polymersomes (made of block-
copolymers) lead to diluted dispersions of nanocapsules
showing low encapsulation yields and poor colloidal stability
in complex formulations.>® Other capsules’ preparation by a
three-step technique (phase inversion, polymerization and re-
dispersion in water) engages numerous chemicals and re-
quires high skills in soft matter chemistry.” There is thus
clearly a need for a simple and straightforward technique for
generating water-filled capsules.

Polyvinyl alcohol is a largely available, cost-effective and bio-
compatible water-soluble dispersant.® It has been widely used,
albeit almost exclusively for oil-in-water (o/w) encapsulation,
thanks to its unique properties. First, partially hydrolyzed
PVAs, copolymers of vinyl alcohol and vinyl acetate units, ex-

hibit a LCST in salted water, that depends mainly on the de-
gree of hydrolysis® and blockiness.!? PVA precipitates to form
coacervated!! shells at interfaces with water, and in specific
conditions, even partially crystallized shells'2. PVA also bears
numerous hydroxyl groups that can react with a large variety
of chemicals so as to functionalize and/or crosslink chains.!?
Last but not least, a recent study has shown that commercial
PVAs of increasing molar masses present decreased HLBs'*
values as low as 6 for which inverse emulsions are stabilized.

To our knowledge, only two teams have reported the synthesis
of water-filled PVA-decorated capsules made from complex
formulations and by multistep inverse'S or double emulsion'
processes. In contrast, the present investigation reports on a
simple one-pot preparation of surfactant-free hydrophilic
molecule-loaded microcapsules. The principle of this ap-
proach (Fig 1) lies in the use of a single, thermo-responsive
PVA that can thermally switch the curvature between water
and a hydrophobic organic solvent phases (referred to hereaf-
ter as ‘oil’). When an oil and an aqueous PVA solution are
emulsified above the dispersant LCST, water-in-oil (w/0) dis-
persions are formed. Yet, coming back to room temperature,
the same polymer stabilizes the capsules redispersed in the
water continuous phase. Starting from w/o dispersions, two
pathways are then conceivable. (1) Microcapsules readily
formed by coacervation of PVA at high temperature are trans-
ferred to water (with or without an intermediate covalent
crosslinking step). (2) The coacervate is involved in a second
emulsification step performed below PVA’s LCST, by adding
the same aqueous polymer solution. This yields the creation
of multiple dispersions, in a remarkably simple manner (see
experimental details in Table S1 of the supplementary infor-
mation).
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Figure 1. Conceptual scheme recapitalizing the approach of this
study.

A preliminary screening of different hydrolyzed PVAs, in the
range of 55-98% hydrolyzed units, showed that only one can-
didate, a copolymer of 80% hydrolyzed units and M, of
9.8 kg mol, was able to stabilize both o/w and w/o disper-
sions at low and high temperatures, respectively (see Table
§2). This particular polyvinyl alcohol, referred to as PVA\80-
10 in the following, was selected to carry on this study (Fig 1).
Owing to the fact that the polymer microstructure greatly im-
pacts its behavior in solution, we carried out microstructural
and physicochemical analyses of PVA\80-10 (Fig S1-S4). The
main characteristics are reported in Table 1. PVA\80-10’s
LCST in salted water (0.1 M sodium sulfate) ranges between
38 °C and 52 °C depending on its concentration (Fig 2a and
Fig SS). Below LCST, this PVA is totally soluble in salted water
yielding transparent solution. On the other hand, it generates
pseudo-micelles above the LCST, thanks to its blockiness. Pre-
vious authors proposed that these pseudo-micelles are consti-
tuted of an acetate-rich core surrounded by loops of alcohol-
rich polymer segments'®. At the LCST, the interfacial tension
between oil and PVA\80-10 aqueous solution shows an ab-
rupt drop, as the result of polymer precipitation (Fig S6).

When PVA aqueous solution and chloroform — chosen as a
conveniently volatile oil — are emulsified below and above the
LCST, this yields o/w and w/o dispersions, respectively. Both
dispersions are stabilized by the same PVA\80-10, in all pro-
portions (Fig 2b). The process is remarkably easy (refer to the
experimental details and movies in SI). The natures of the
continuous and discrete phases are confirmed by fluorescence
confocal microscopy images, showing hydrophilic domains in

Fig 2c-d. These dispersions are stable for more than six
months.

Table 1. Properties of PVA\80-10 used in this study.

Properties Values

M,! 9.8 kg mol
b! 1.09
Hydrolysis Degree? 80%

Av. alcohol sequence 2 12.3 monomers
3.0 monomers

0.41 (= mostly blocky)

Av. acetate sequence 2

Blockiness index, 7 2

Tacticity, P 0.51 (= mostly atactic)
Ty 65°C

T’ 150°C

Crystallinity*>* 34-40%

Residual water content? 4-5wt%

! Determined using gel permeation chromatography. ? Deter-
mined using quantitative *C nuclear magnetic resonance
(NMR) in DO (Fig S1-S2). 3 Determined using differential
scanning calorimetry (Fig $3).* Determined using X-ray diffrac-
tion (XRD) on as-received powder (Fig S4).
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Figure 2. (a) Phase diagram of PVA\80-10 in 0.1 M sodium sul-
fate aqueous solution, as a function of PVA concentration as
measured by dynamic light scattering (Fig S5), zones (1) and (2)
indicate the domains where PVA\80-10 is totally solvated and
where PVA\80-10 forms pseudo-micelles, respectively. (b) Phase
diagram showing the type of emulsions generated as a function of
temperature (25 °C and 50 °C) and chloroform fraction (respec-
tively to PVA 5% w/v in 0.1 M sodium sulfate aqueous solution).
According fluorescence microscopy images using hydrophilic
fluorophore showing (c) water-in-oil and (d) oil-in-water disper-
sions (oil:water, 50:50, v:v). Scale-bars represent 50 pm.



Following the route (1) of Fig 1, w/o dispersions were first
prepared by high shear homogenization at 50 °C. The coacer-
vated capsules were separated from the organic continuous
phase by centrifugation (eased by the large density difference
between water and chloroform). The pristine water-filled cap-
sules were readily dispersed in salted water, to yield a colloi-
dally stable water-in-water (w/w) dispersion (Fig 3a-b). The
typical size of w/w microcapsules was determined using image
analysis (Fig 3c). The number-average microcapsule diameter
was estimated at 1.5 yum, with a polydispersity index of 0.56.
Different sizes of capsules are achievable according to the ho-
mogenization technique: (i) 1.5 um-wide capsules using either
sonication or high shear homogenizer (25,000 rpm, Fig 3a-b)
and (ii) 6.7 ym-wide capsules by low shear homogenizer
(5000 rpm, Fig 3c).

The hollow character of the microcapsules was confirmed by
fluorescence microscopy analysis of dye-tagged PVA\80-10
constituting the shell of microcapsules (Fig 3d). From image
analysis, e.g. in Fig 3e and Table S3, the typical shell thickness
in water was estimated at around 0.8 ym. Remarkably, most of
the uncrosslinked pristine capsules sustain the transfer in
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aqueous solution, salted or not, and remain structured over
several months, in absence of shear (see Fig 3b). This counter-
intuitive finding can be explained by the probable numerous
intermolecular hydrogen bonds between PVA chains giving a
resilient capsule shell. XRD of w/o dispersions did not show
any crystallization of the polymer shell (Fig $4).

The pristine capsules were dried from the w/o state and ana-
lyzed under scanning electron microscopy (SEM). Fig 3e
shows typical SEM micrographs. Remarkably, most capsules
sustain low vacuum conditions, again despite the absence of
crosslinking. Some microcapsules present uneven surfaces, as
shown in the inset of Fig 3e.

To strengthen the microcapsule shell, PVA\80-10 chains were
crosslinked using glutaraldehyde. The reaction is specific to
1,3 diol motif of PVA and catalyzed by Brensted acids, yield-
ing bis-acetals (Fig 3f). The reaction was performed in the
w/ o state, adding the crosslinker in the continuous phase. The
crosslinking kinetics was followed by 'H NMR (Fig S8). From
the kinetic profile in Fig 3h, one observes that the reaction per-
formed at 50 °C reaches completion after nearly two hours.

The optimum stoichiometric amount of crosslinker was found
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Figure 3. (a) Transmission confocal microscopy image showing hydrophilic dye-loaded microcapsules in water (inset: zoom acquired on
a conventional microscope) and (b) corresponding confocal fluorescence image (capsules obtained with a homogenization at 25 000 rpm
for 30 min). (c) Typical log normal diameter distribution of microcapsules in water, according to images (2) and (d), cf. experimental data
in Fig S7. (d) Fluorescence confocal microscopy image of microcapsules in water from tagged-PVA to show the inner-water morphology
of the spheres and assess shell thickness measurements (homogenization at 5 000 rpm for 5 min). (e) A typical profile of light intensity
of a PVA-tagged microcapsule in water. The line curve corresponds to two Gaussian function fits, and the shell thickness was taken at the
full width at half maximum. (f) Scanning electron microscopy image, in secondary electrons mode, of microcapsules obtained after drying
water-in-chloroform dispersions. (g) Acetalization crosslinking reaction product between PVA and glutaraldehyde. (h) Kinetic profile of
the crosslinking reaction on microcapsules as measured by the decrease of aldehyde characteristic signal using'H NMR. (i) Cumulative
cargo release profiles of pristine and crosslinked microcapsules as measured by UV-visible spectroscopy. Lines are guides for the eye.
Scale-bars represent 50 pm, unless otherwise indicated.



at 0.02 equiv -CHO /equiv -OH (Table S3), providing suffi-
cient shell crosslinking while minimizing interparticle cross-
linking and thus avoiding aggregation.

Cargo release was studied using a small hydrophilic dye, i.e.
methyl blue, an organic polyanion of M,, = 800 g mol. It was
encapsulated in PVA capsule following route (1), Fig. 1 (for
experimental details, refer to SI and Fig S9). After solvent
transfer to salted water, the capsules were let releasing their
cargo at room temperature under agitation. The release pro-
files of pristine and crosslinked capsules are reproduced in Fig
3g. At t = 0, the cargo released amount is already at ca. 20%.
This is probably due to the breaking down of a substantial
number of capsules during solvent transfer. For t < 3 h, the
high slope of the curves reveal a fast release (burst effect).
Then, the release gets faster for pristine capsules at £ >3 h.
This increase of the release rate was associated to the experi-
mentally observed dissolution of the capsule twisted by shear.
On the contrary, the release gets slower for crosslinked cap-
sules at £ > 3 h, since the capsules did not dissolve in this case.
The slope in /2 suggests a diffusion-controlled release (re-
gression over five points: R? > 0.998). The full completion of
cargo release from pristine capsules was reached between 6
and 24 h (most of the capsules were completely dissolved after
24 h), whereas only ca. 50% was released from crosslinked cap-
sule after 48 h. Remarkably, the final release value from pris-
tine capsule was close to 100%, suggesting a quantitative en-
capsulation yield.

We have seen that PVA\80-10 stabilizes both o/w and w/o
dispersions, depending on temperature. This unique behavior
was further exploited to create multiple dispersions using the
same polymer. For the proof-of-concept of route (2), Fig 1, we
used a water-immiscible oil presenting a high polarity and a
low vapor pressure, ethyl acetoacetate (see corresponding
phase diagram in Fig S10). First, coacervated w/o dispersions
were prepared by emulsification of PVA\80-10 solution and
ethyl acetoacetate (20:80, v:v) at S0 °C using sonication (cf.
SEM micrographs in Fig S11). Then, a large volume (80:20,
v:v) of the same PVA solution was added and a second emul-
sification performed using magnetic agitation at 25 °C.
PVA\80-10 stabilizes the thus-formed w/o/w multiple dis-
persion. To illustrate this, we spiked the water and oil phases
with a hydrophilic (green-emitting) and a hydrophobic fluor-
ophore (red-emitting), respectively (see Fig 4a-c). We clearly
observe the separated fluorescence signals, showing that oil
bigger capsules are mostly embedded with one or several
smaller water-filled capsules, with respective average diame-
ters around 28 pm and 8 ym (Fig S7). With a new emulsifica-
tion step in oil at 50 °C, one likely yields triple w/o/w/o dis-
persions in a single pot (Fig S12).

As a preliminary move towards application, we applied the
process of route (2) to the encapsulation of anticancer drugs,
knowing that PVA is already FDA-approved. We selected a-

terpineol as a therapeutic and bioderived oil, known for its an-
titumor activity.'” As for anticancer drugs, hydrophilic doxo-
rubicin hydrochloride and hydrophobic paclitaxel were re-
spectively coencapsulated in water- and oil-filled microcap-
sules of w/o/w dispersions. High loading of separate pools of
drugs, not intermixing, were observed in the microcapsules, as
shown in Fig 4d-f. Interestingly, our coencapsulation process
is advantageous over the previously reported ones,'® because
it does not necessary involve a crosslinking reaction nor re-
quires the use of metal ions.

Figure 4. (a) Transmission confocal microscopy image of a wa-
ter-in-oil-in-water dispersion, with its according fluorescence
images (b) hydrophilic domains and (c) hydrophobic domains.
(oil: ethyl acetoacetate). (d) Transmission microscopy of a wa-
ter-in-oil-in-water dispersion with its according reflection fluo-
rescence images (e) hydrophilic domains loaded with doxoru-
bicin hydrochloride and (f) hydrophobic domains loaded with
paclitaxel. (oil: a-terpineol). Scale-bars represent SO pm.

To conclude, in this communication, we demonstrated that a
specific PVA dispersant, which is commercially available, can
be used to stabilize both direct and inverse oil/water inter-
faces. By adding salt and increasing the temperature above the
dispersant LCST, this polymer coacervates at water/oil inter-
faces, forming metastable hollow microcapsules. Diverse
fluorophores, dyes and drugs were successfully encapsulated
in quantitative yields. A diffusion-controlled release was ob-
served for covalently crosslinked capsules. Also, multiple dis-
persions were synthesized using a remarkably simple protocol,
enabling an easy hydrophilic/hydrophobic anticancer drugs
microencapsulation. Further research aims at better mastering
this process by looking at the impact of polymer microstruc-
ture on solution behavior and structuration in the shell. We
also seek new bio-based dispersants with similar properties.
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wowsomes = awesome w/o/w dispersions! ]




