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ABSTRACT

Structural polymers are susceptible to accumulated damage in the form of internal
microcracks that propagate through the material, resulting in mechanical failure. Self-healing
approaches offer a solution to repair these damages automatically. The first generation self-
healing material system includes a microencapsulated healing agent within a catalyst-embedded
matrix. Propagating microcracks rupture the microcapsules, releasing the liquid healing agent
into the damaged region. Catalyst-triggered polymerization of the released healing agent repairs
the damage. This research focuses on a similar approach for addressing “damage accumulation
failure” of poly(methyl methacrylate) (PMMA) bone cement caused by microcrack initiation and
propagation. In this study, polyurethane (PU) microcapsules containing a tissue adhesive, 2-
octylcyanoacrylate (OCA) were synthesized using in situ interfacial polymerization of toluene-
2,4-diisocynate (TDI) and polyethylene glycol 200 (PEG 200) through an oil-in-oil-in-water
microemulsion (o/o/w). The process was optimized by studying different combinations of
organic solvents, surfactants, temperatures, agitation rates, pH, and reaction times and their
effects on microencapsulation were observed. Microcapsule surface morphology, size, shell
thickness, encapsulated OCA viability, thermal degradation, and chemical structure of the
microcapsule shell were evaluated using a stereoscope, scanning electron microscopy (SEM),
thermogravimetric analysis (TGA), and Fourier transform infrared spectroscopy (FT-IR).

INTRODUCTION

Through the pioneering efforts of Charnley as reviewed by Kindt-Larsen et al., [1]
poly(methyl methacrylate) (PMMA) bone cement emerged as one of the promising biomaterials
in orthopedics. PMMA acts as a space-filler, holding the stem of an artificial joint replacement
against the native boney tissue. However, these replacements tend to fail mostly due to aseptic
loosening of the construct or through immunological rejections. Jasty et al. [2] have shown that
orthopedic implants mostly fail due to the “damage accumulation failure” of the bone cement
during which numerous microcracks initiate and propagate, leading to loosening and subsequent
failure of the prosthesis. Evidence of damage accumulation and microcrack initiation under
dynamic loading in cement mantle was observed by Culleton et al. [3] and Topoleski et al. [4].
Cracks ranging in length from 40 pum to 2 mm were observed in bone cement mantles retrieved
post-mortem. However, only microcracks greater than 300 um in length were found to have the
potential to grow to critical length and cause implant failure [2,5]. Bone cement is a brittle
material with weak tensile and shear strengths, but high compressive strength. The average
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values of tensile strength of the bone cement range from 21.7 to 34.8 MPa, while the
compressive strength ranges from 64 to 103 MPa and the Young’s modulus ranges from 3150 to
5050 MPa[6]. Loosening of cemented implants is usually caused by mechanical failure of the
PMMA bone cement under cyclic loading [7]. Previous studies have addressed these problems
by modifying the cement formulation through the addition of cross linking agents [8,9],
increasing tensile strength and fracture toughness by reinforcing with metallic wires, or
incorporating covalently connected SiO, glass networks to prevent bone cement failure [10-12].
However, limited success was seen in resolving “damage accumulation failure” of the cemented

implants.
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Figure 1: Mechanism of self-healing using an embedded microcapsule system

In this study, a self-healing bone cement approach where microcracks can be
autonomically healed, preventing “damage accumulation failure” of the cement by arresting
further propagation of the cracks is proposed [13]. Self-healing materials are designed to sense
failure and respond to the damage in an autonomous fashion to restore material structural
function. The design approach used in this work was adopted from an existing self-healing
system pioneered by White et al. [14] that includes a matrix co-embedded with microcapsules
containing an encapsulated healing agent and a solid chemical catalyst. Microcracks propagating
through the matrix rupture the microcapsules, releasing healing agent into the cracked region,
leading to damage repair by its polymerization in the presence of a catalyst [15] (Figure 1).
Microcapsules are small particles with diameters ranging from micrometers to millimeters and
consist of a core material encapsulated within a polymeric membrane [16-18]. This embedded
microcapsule approach offers remarkable potential for practical applications [14,15,19]; Sottos et
al. [15] reported 75% healing efficiency in a self-healing epoxy polymer embedded with
microencapsulated dicyclopentadiene and Grubb’s catalyst. To date, these self-healing polymers
have been designed primarily for automotive paints, electronics, and aerospace applications [20].

The aim of this study is to encapsulate a clinically-approved tissue adhesive, 2-
octylcyanoacrylate (OCA), in polyurethane (PU) microcapsules synthesized using in situ
interfacial polymerization of toluene-2,4-diisocyanate (TDI) and polyethylene glycol 200 (PEG
200) through an oil-in-oil-in-water (o/o/w) microemulsion. During emulsification, microscopic
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droplets containing an oil core are stabilized by surfactants and co-surfactants at the interface of
two immiscible phases, which is followed by in situ interfacial polymerization where the meeting
of reactant monomers at the interface results in the formation of a polymeric shell [21]. The PU
microcapsule surface morphology, shell thickness, size, core OCA viability, thermal properties,
and chemical structure were evaluated.

EXPERIMENTAL DETAILS

Reagent-grade TDI, PEG 200, paraffin oil, acetonitrile, bismuth neodecanoate (BNDC),
1,4-butanediol (1,4-BD), polyvinyl alcohol (PVA), polyethylene glycol sorbitan monolaurate
(Tween 20), and sorbitane trioleate (Span 85) were all purchased from Sigma-Aldrich and used
as received. OCA and D&C Violet used to stain the OCA were kindly donated by Ethicon, Inc.,
Raleigh, NC.

Polycondensation reaction

A polyurethane shell was synthesized via an in situ interfacial polymerization method
using the monomers TDI and PEG 200 and a chain extender 1,4-BD [22,23]; the reaction is
represented in Equation 1 [24]. Initially, the TDI dissolved in the organic phase was dispersed in
the continuous aqueous phase containing a surfactant to form an oil-in-water (o/w)
microemulsion under continuous agitation. PEG 200 present in the continuous aqueous phase
comes in contact with the TDI in organic phase, initiating the polycondensation reaction between
the TDI and PEG 200 monomers. The molar ratio of polyol and diisocyanate added was 1:2 and
the chain extender 1,4 BD was added to complete the polymerization. The reaction progressed at
the o/w interface for 2 h at 75°C in the presence of a catalyst and resulted in the formation of a
polymer layer at the interface.

OCN NCO 750oC
mHO(CH,CH,0),H + m — -{—O(CH;CH:()},..—C(O)—Nu—l/\r.\'u—c(m-];_
- Catalyst '

Polyethylene Toluene-2.4.-

glycol diisocyanate Polyurethane

Equation 1: Interfacial reaction that results in the formation of a polyurethane shell

Synthesis of microcapsules

The organic phase was divided into two sub-phases, A and B. Sub-phase A was formed
by mixing OCA (1.5 mL) and paraffin oil (500 puL) while sub-phase B consisted of TDI (1 g) and
the catalyst BNDC (300 uL) dissolved in acetonitrile (5 mL) containing Span 85 (50 uL) as a
surfactant. The aqueous phase consisted of the cosurfactants PVA (1.5 g) and Tween 20 (500
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ML), and PEG (1 mL) dissolved in deionized water (100 mL) using a VWR PowerMax Elite
Dual-Speed Mixer. Sub-phase A was dispersed in sub-phase B and the resulting emulsion was
then added to the aqueous phase under agitation to form an o/o/w microemulsion. The pH of the
system was adjusted to 4 by adding 4M HCI (20 uL). The initial temperature of the system was
maintained at 30 “C. After the addition of the organic phase, the temperature was increased to
50°C and maintained for 30 min. At this point, 1,4-BD (1 mL) was added to the system and the
temperature was gradually increased to 70°C. The reaction was continued for 1.5 h at 450 rpm
and then the agitation was turned off. The microcapsules were rinsed with deionized water,
vacuum filtered, and air dried for 48 h (Figure 2). The reagents used were selected for this work
based on their biocompatibility relative to alternative materials; for example, BNDC was
selected as opposed to other heavy metal-based alternatives to minimize toxicity. OCA, PU,
paraffin oil, and the surfactants selected are already FDA-approved or are mild detergents
commonly used in in vitro studies. However, detailed in vitro analyses will be required to
determine the biocompatibility of a self-healing PMMA formulation when compared with
commercially-available systems.

Organic phases

Sub-phase A Sub-phase B

paraffin oil acetonitrile + Span 85

1 mL OCA + 500 ul. 9{ 0.5 g TDI + 300 uL. BNDC + 5 mL

100 mL dH,O+ 1.5 g PVA+
Aqueous phase 500 pL Tween 20 + 1 mL
PEG; pH 4

<€ Add 1 mL 1,4-BD at 50 °C
A 4

Agitated at 450 rpm for 1.5 h
with gradual increase in
temperature to 70 °C

A 4

Resulting capsules were
washed with dH,O, vacuum
filtered, and air-dried for 48 h

Figure 2: Schematic representation of microencapsulation process

Characterization techniques

Surface morphology, shell thickness, and size of the microcapsules were examined using
scanning electron microscopy (SEM, FEI XL30 FEG-SEM). Microcapsules were mounted on a
conductive stage using double sided carbon tape and were coated with a thin layer of
gold/palladium using a vacuum sputter coater (Denton Desk IV). The voltage used for imaging
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was 1.5 kV. The presence of encapsulated core material was studied by slicing capsules open
under a stereoscopic microscope (Bausch & Lomb) with a scalpel blade. Fourier transform
infrared spectroscopy (FT-IR, Thermo Electron Nicolet 8700) was performed to determine the
chemical structure of the microcapsule shell formed by in situ polymerization. The obtained
spectra were then compared with the standard FT-IR spectra of PU. The capsules used for this
analysis were crushed into a pellet (Thermo Scientific KBr table press and 3 mm Die set) and
then analyzed under reflecting mode to obtain transmission spectra of the polymer.
Thermogravimetric analysis (TGA, TA Instruments Q500 V6.7) was carried out to determine the
thermal degradation properties of microcapsules. The initial sample weight was kept within 10-
11 mg. Samples were placed in a platinum sample pan and heated from 100°-600°C under
nitrogen atmosphere at a linear heating increase of 10°C/min.

DISCUSSION

Surface and shell morphology

Microcapsules containing OCA were analyzed via SEM and are presented in Figure 3.
Smooth-surfaced microcapsules with an average diameter of 299 + 110 um and shell thickness
of 26 + 5.2 um (numbers given as average * standard deviation) were obtained (Figures 3A and
3B). The dark region surrounding the broken microcapsules indicates the presence of
encapsulated core liquid (Figure 3C).

Figure 3: Surface and structural morphology of microcapsules. SEM images show (A)
smooth shell morphology (B) capsule shell thickness, and (C) the presence of liquid content
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Encapsulated core liguid viability test

Microcapsules containing dyed OCA were imaged under a stereoscopic microscope using
a 5X digital zoom camera (Figure 4A). The presence of core liquid was observed by slicing
open the microcapsules using a scalpel blade. A video was recorded during the experiment
during which the release of the liquid core was clearly observed. A still shot of the video is
shown in Figure 4B. The viability of encapsulated OCA was assessed by crushing a small
amount of microcapsules between two cover slips. The released liquid content strongly glued the
slides together (Figure 4C). OCA release was visualized from capsules of varying sizes within
the reported diameter range although future optimizations will determine which agitation rate
should be used to narrow the distribution of capsule sizes to improve population uniformity.

Figure 4: Assessment of encapsulated liquid contents (A) stereoscopic microscope image of
microcapsules containing dyed OCA, (B) core liquid flowing out of the ruptured
microcapsules, and (C) cover slips glued together by contents released from crushed
microcapsules

Shell chemical structure analysis via FT-IR

FT-IR analysis of microcapsules was performed to verify the presence of PU chemical
bonds along the polymer chain following the interfacial polymerization of PEG and TDI. As
seen in Figure 5A, the spectrum contains an absorption band for N-H stretching at 3360 cm™ and
a bond representing CH, and CHjs stretching at 2930. C=0 stretching of the urethane is observed
at 1740 and 1690 cm™. Moreover, =C-H stretching at 2860 cm™, C-C stretching at 1530 cm™, C-
O-C stretching at 1170 cm™, and =CH-H OOP bending of the phenyl at 818 cm™ are also seen.
These FT-IR results confirmed that shell of microcapsules is composed mainly of polyurethane
[25-27].

Although the reaction between PEG and TDI is rapid in the presence of a catalyst, a
longer reaction time is needed for total consumption of TDI monomer and complete
polymerization of the PU shell. As seen in Figure 5B, FT-IR spectra of microcapsules
synthesized with only 1 h reaction time contain an absorption band at 2276 cm™, indicating the
presence of unreacted isocyanate group, -N=C=0 [25,28]. From the disappearance of the
isocyanate band at 2276 cm™ in Figure 5A when compared with Figure 5B, it can be inferred that
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the TDI and PEG reactant monomers require a minimum of 2 h reaction time to form a

completely synthesized PU shell.
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Figure 5: FT-IR spectra of hollow PU microcapsules (not containing OCA) prepared with
TDI and PEG via interfacial polymerization following reaction times of (A) 2hand (B) 1 h

Thermal analysis of microcapsules

The thermal degradation characteristics of the pure monomer OCA, pure PU shell, and PU
microcapsules containing OCA were analyzed using TGA (Figures 6A and B). The percentage
weight loss of the samples were attributed to the respective components according to the TGA
analysis of PU microcapsules given by Li et al. [29]. As shown in Figure 6A, the TGA curve of
OCA displays one step weight loss of 94% from 141° to 237°C. This rate of weight loss peaks at
233°C with complete vaporization by 242°C (Figure 6B). The TGA curve of the pure PU shell
sample exhibits three phases of weight loss with increasing temperature. An initial weight loss
of 4% from 48° to 147°C is attributed to adsorbed water evaporation. The second phase of
weight loss of 67% from 130° to 305°C is due to degradation of the 1,4-BD-based soft segment
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during the depolycondensation of PU; a maximal rate of weight loss is attained at 234°C. The
third phase of weight loss of 23% from 305° to 544°C is attributed to the loss of the TDI-based
hard segment in the polymer chain; 6% of the original sample weight remains at 643°C.
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Figure 6: (A) TGA and (B) derivative TGA thermograms of OCA, PU shell, and
microcapsules

The thermal degradation curves of PU microcapsules containing OCA are a combination
of the TGA curves of pure OCA and pure PU shell samples. The TGA curves of microcapsules
also show three phases of weight loss. The first phase of 6% weight loss was seen from 48° to
147°C and is attributed to the evaporation of residual water. The second phase of weight loss is
from 152° to 326°C with 59% weight loss and a maximum rate of weight loss occurring at
230°C. The third phase is between 327° and 544°C with 31% of weight loss and 4% of the
original sample weight remains at 643°C. The TGA data suggest the thermal stability of PU
microcapsules containing OCA is improved over the pure materials, as the onset of degradation

was at 148°C compared to pure OCA and PU, which began degrading at 141°C and 130°C,
respectively.

Effect of pH on OCA stabilization

The optimization of the system pH plays a major role in stabilization of OCA with the
continuous aqueous phase. The OCA monomer polymerizes rapidly in the presence of moisture,
forming long chains of poly-alkyl cyanoacrylate [30]. In general, the OCA monomer is
stabilized by a weak acid; to initiate the polymerization reaction, the weak acid must be
neutralized by a weak base. A small amount of water is sufficient to initiate its anionic
polymerization reaction; hence, maintaining an acidic environment during the encapsulation
process can prevent OCA polymerization.

In this study, the microencapsulation of OCA was performed at various pH levels and it
was found that a pH of 3-4 enables the encapsulation of OCA as an unreacted liquid monomer
(Figure 7A). During the encapsulation process, the addition of the organic phase at pH >5
resulted in the formation of white soft microstructures that were seen in the reaction vessel after
10 min (Figures 7B and C). These microstructures could be formed due to the rapid
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polymerization of OCA when it comes in contact with the moisture and/or polyol groups present
in aqueous phase. The acidic environment at pH 4 decreased the OCA polymerization rate,
resulting in the encapsulation of OCA.

Figure 7: SEM images of microcapsules synthesized under various pH conditions (A)
pH=4, (B) pH=6, and (C) pH=8

CONCLUSIONS

PU microcapsules containing liquid OCA were successfully synthesized using in situ
interfacial polymerization of TDI and PEG 200 in an o/o/w microemulsion. Spherical
microcapsules of an average diameter of 299 + 110 um and shell thickness of 26 + 5.2 um were
fabricated with an agitation rate of 450 rpm. The presence and viability of encapsulated OCA
was analyzed using a stereoscopic microscope and a slides adhering assay. In this study, a new
encapsulation procedure was demonstrated using two immiscible solvents in the dispersed
organic phase for encapsulating materials that are not compatible with classical w/o or o/w
emulsions. The PU shell formation and completion of polycondensation reaction of TDI and
PEG were confirmed by FT-IR analysis. Improved thermal properties of the microcapsules
compared to empty PU microcapsules were observed by thermal analysis using TGA. Future
work should include testing the shelf life of the OCA-filled microcapsules using TGA analysis
and determining the capsule mechanical properties by individual capsule compression studies to
determine the elastic stiffness of the shell wall and the strength of microcapsule shell [31]. The
effects of agitation rate on microcapsule size and encapsulation efficiency should also be
analyzed to determine the appropriate capsule content to release clinically-relevant volumes of
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healing agent. Moreover, future investigations should focus on testing the mechanical properties
and healing efficiency of these microcapsules embedded in a commercial PMMA bone cement
matrix.
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