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Abstract

In order to overcome all encapsulation variations during a complex coacervation
process, the replacement of gelatin cationic polymer has been performed using

Gelatin-Like Polymer in Complex Coacer-

P(AMA). The synthesis of p(AMA) was realized through a random radical metho-

tion. [ of E lati d Ad-
vation. Journal of Encapsulation an dology. Under these conditions a polymer with 18,600 g/mol was found appropriate

sorption Sciences, 6, 147-160.
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for optimal capsule yield and physico-chemical properties. Turbidity measurements
performed during the coacervation reactions with different ratios of both CMC and
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p(AMA) allowed optimizing coacervation conditions. Coacervates characterizations
particularly demonstrate the stability of the capsules exhibiting a break strength over
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1. Introduction

Primary amine copolymers have been the target of tremendous activity demonstrat-
ing their involvement in numerous applications, including drug carriers [1] [2] [3],
functional colloidal particles for biomedical applications [4] [5], preparations of sterical-
ly-stabilized polyaniline particles [6] and cationic latexes [7], synthesis of polypeptide
vesicles and micelles [8], and also localized biomineralization of calcium carbonate and
silica [9] [10]. This technology is used in food [11], in medical, in home (laundry) [12]
and in cosmetics [13]. Nevertheless, despite their use in various domains, such poly-
mers have always been used through standard mixing process. To date, no development

was reported using primary amine copolymers in a complex coacervation process.
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Based on the separation of a colloidal system into two liquid phases, coacervation can
occur either through a simple or a complex mode.

More particularly, complex coacervation occurs when two oppositely charged collo-
ids interact with each other to form a dilute phase and a concentrated (coacervate)
phase. In the complex coacervation process, there are phase separation processes based
on the simultaneous desolvation of oppositely charged polyelectrolytes induced by me-
dia modifications. The protein and polysaccharide precipitation is obtained by chang-
ing pH and temperature or by the “salting-out” technique. The emergence of a dis-
persed phase of dense coacervates made of concentrated polyelectrolytes and a dilute
equilibrium phase is dependent on pH, ionic strength and polyion concentrations. Al-
though Tiebackx first reported on coacervation [14], Bungenberg de Jong and Kruyt
[15] coined the name complex coacervation in order to distinguish coacervation of a
single polymer. They were the first to systematically investigate the complex coacerva-
tion phenomenon on the gum Arabic-gelatin system. This work was completed by
Overbeek and Voorn [16] who developed the first theoretical model. Subsequent theo-
retical investigations were realized during the following 20 years by Veis et al [17] [18]
[19] [20], Nakajima and Sato [21], with Tainaka [22] [23] demonstrating the contro-
versy of such a model. From an experimental and practical point of view, the gum
arabic-gelatin system was extensively studied and applied in the famous patent on car-
bon-less copying paper [24] [25]. It is remarkable that the study of complex coacervates
was rather scarce in view of their biological and practical relevance. In the last 10 years,
interest in complex coacervation has considerably increased since it can be applied to
various polyelectrolytes. The literature demonstrates that the phase separation
process at the origin of the complex coacervation process mainly involves natural
polymers.

More particularly, gelatin, a collagen hydrolysis product, is widely used. This natural
copolymer is associated with different polysaccharides to neutralize its charge and the-
reby form a complex coacervate. Usually, gelatin is positively charged and the coacerva-
tion is induced by anionic colloids like pectin, alginate, Arabic gum or carboxymethylcel-
lulose. However, the use of gelatin generates a safety problem due to the emergence of the
prion diseases. Albumin, bovine serum albumin (BSA), and beta-lactoglobulin (BLG)
were proposed as an alternative. They are commonly used as model proteins in the de-
velopment of pharmaceutical, cosmetic, and food formulations but the bovine origin of
the protein makes it still suspected. Moreover, all these biopolymers present a stability
problem during the coacervation process and thus reproducibility in encapsulation
cannot be optimized. In addition, since it is generally believed that electrostatic interac-
tions dominate the association and the phase behaviour in the protein-polysaccharide
complex, other important contributions from hydrogen bondings, covalent bondings
and hydrophobic effects should not be overlooked.

In order to avoid any natural copolymers variability problems as well as reproduci-
bility defects, our goal was to develop a synthetic gelatin alternative copolymer. Thus

poly(aminoethyl methacrylate) was synthesized and its ability to form complex coacer-
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vates in the presence of polysaccharides was studied.

2. Materials and Methods
2.1. Materials

Methacryloyl chloride (>97%) (Aldrich, WI), ethanolamine hydrochloride (>98%) (Al-
drich, WI), hydroquinone (99%) (Aldrich, WI), glutaraldehyde (99%) (Aldrich, WI)
and D,0 were all purchased from Aldrich and were used as received. Regenerated cel-
lulose dialysis membrane (Spectra/Por 6, molecular weight cut-off 1000 Da) and
2-propanol (IPA) were purchased from Fisher and used as received. De-ionized water
(pH 6) was used in all experiments. Sodium carboxymethylcellulose (CMC) was pur-
chased from ASHLAND Inc.

The radical initiator used was 2,2’-Azobis(2-methylbutyronitrile) (VAZO™ 67) (Al-
drich, WI). The solvent was Butanol (BuOH) (Aldrich, WI). N-Methyl-2-pyrrolidone
(NMP) (Aldrich, WI) has been used as the internal standard for GC analysis. 20% w/w
sodium hydroxide and 20% w/w hydrochloric acid solutions were prepared to adjust
the pH of the solution during encapsulation. Mineral oil was used as Internal phase (IP)

during encapsulation.

2.2. Synthesis of AMA Monomer

AMA monomer was synthesized using a previously reported protocol [26]. Briefly,
2-aminoethanol hydrochloride (65 g, 0.67 mol), methacryloyl chloride (100 mL, 0.96
mol), and hydroquinone (0.50 g) were added to a three-necked round-bottomed flask
fitted with a condenser. The molten 2-aminoethanol hydrochloride salt was esterified in
the melt at 90°C - 95°C under a nitrogen atmosphere for one hour and the reaction was
maintained at 70°C - 75°C for a further two hours. The HCI gas evolved during this
reaction was neutralized using an aqueous NaOH solution connected to the reaction
vessel. The crude product was cooled to 40°C, diluted with THF (50 mL) and precipi-
tated into excess n-pentane (500 mL). The resulting creamy white precipitate was iso-
lated by filtration, washed thoroughly with n-pentane (500 mL), and dried under va-
cuum. It was then recrystallized twice using a 7/3 (v/v) ethyl acetate/2-propanol mix-
ture at 25°C. The final product was dried under vacuum to produce a white solid of
more than 99% purity as judged by 'H NMR (overall yield = 66%).

2.3. Synthesis of p(AMA) Homopolymer

75 g (0.454 mol) of AMA with 170 g of de-ionized water were introduced in the reactor
at room temperature. The pH of the solution was adjusted to pH 4 by using acetic acid
99%. The solution was then heated to 83°C and VAZO™ 67 radical initiator (1.25 g, 6.5
mmol) was added by 10 equal fractions (0.125 g, 0.65 mmol) over the first 9 hours. At
the end of this period, the reaction mixture continued to be stirred at 83°C for another
hour. At this point, the residual level of AMA was reported by GC analysis to be 700
mg/kg. The final polymer remained in solution without any purification. The percen-

tage of solid was 30% w/w. The melting point of the product was 110°C.
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2.4. Coacervates Formation

20 g of the p(AMA) were added to 330 g of de-ionized water and 2.5 g of CMC at 50°C.
The dissolution was helped by adding droplets of sodium hydroxide (0.3 g). Once the
polymer was dissolved, a solution of acetic acid at 20% induces coacervation. An over-
head laboratory stirrer equipped with a propeller and Russian turbine was installed in
the vessel (Figure 1). 100 g of mineral oil was added as the internal phase of the micro-
capsules with the stirrer speed set at 75 - 90 rpm. The shear applied by the motor led to
the formation of an oil-in-water emulsion, from which the oil droplets will eventually
comprise the core of the microcapsules.

Coacervate droplets deposit onto the oil droplets and coalesce to form a continuous
liquid coating. The temperature of the solution was cooled to 10°C, 2.0 g of 50% gluta-
raldehyde solution (0.01 mol) were added, and the solution was left to stir for 6 hours
to crosslink the capsule shells. Crosslinking renders the microcapsule shells stable, inso-
luble, and durable. The microcapsules were then filtered and washed using de-ionized

water.

2.5. Characterization Techniques

2.5.1. 'H NMR Spectroscopy
All "H NMR spectra were recorded in ether D,0, D,O/NaOD or D,O/DCI using a 400
MHz AV-400 Bruker spectrometer.

2.5.2. GC Analyses

1) Apparatus and conditions

A GC-7890A Gas Chromatograph (GC) equipped with a split/splitless injector, a
7693 auto-sampler, and a flame ionization detector (FID) from Agilent Technology Inc.
were used in this study. The separation was carried out on a DB-624 capillary column
(30 m x 0.53 mm i.d., 3.00 um film thickness) from J and W Scientific. A 2.0 pL sample
was injected in the split mode at a split ratio of 5:1 and with an injector temperature of
250°C. GC oven temperature was initially set at 80°C, then programmed to 130°C at a

rate of 5°C/min and maintained for 40 minutes, finally raised to 250°C at a rate of

Stirrer angle
approximately
15" from
vertical

Stirrer Motor
Speed = 75-95 rpm

i Sl

[ ] Turbine set just

above stirrer

Figure 1. Laboratory scale complex coacervation microencapsulation apparatus.
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5°C/min and maintained for 15 minutes. Ultra-high-purity helium was used as the car-
rier gas with a head pressure of 4.4 psi and constant flow rate of 33 mL/min measured
into the detector at room temperature and uncorrected. The detector temperature was
set at 250°C.

2) Sample preparation

All of the samples were analyzed using N-methylpyrrolidone (NMP) as an internal
standard.

A 1.0 g sample and 1.0 g of 0.5 g/L NMP were mixed in 10 mL butanol and centri-
fuged in a sealed centrifuge tube at 4200 rpm for 10 minutes at room temperature. The
supernatant was then recovered for the analysis.

3) Calibration curve

1.0 g of various concentrations of monomers (2.0; 1.2; 0.4 g/L) and 1.0 g of 0.5 g/L
NMP, respectively, were spiked in 10 mL butanol. The samples were prepared as de-
scribed above and the calibration curve was constructed by plotting the peaks area ratio
of monomers to NMP versus the ratio of their corresponding concentrations (1) [27]:

ei  Cei*Ai
ki Ci*Aei W

With Cei and Ci: mass concentrations of the internal standard (er) and the solute (1)
in solution

kil et coefficient of the solute i relative to the internal standard ez

Aeiand Af peaks area of internal standard (Aes) and the solute (AJ).

Using the internal standard and the correlation factor, the residual level of each mo-
nomer is calculated according to Equation (2):

Cei* Ai

Ci = ki/ei x
/ Aei

)

2.5.3. Zeta Potential

The electrical charge (Zeta potential) was determined against pH change at 25°C + 1°C
of individual biopolymer dispersions p(AMA) and CMC (0.01%, w/v) using a Zetasizer
Nano (Malvern Instruments, Westborough, MA) capable of electrophoresis measure-
ments. The calculations of electrophoretic mobility were automatically converted into
zeta potential values dependent on the Smoluchowski model. The pH of the specific
dispersion was acidified by the addition of HCI (0.25 M) and basified by adding NaOH
(0.25 M). The final values were determined from two separately prepared samples, and

the measurements were duplicated for each sample.

2.5.4. Aqueous GPC

The molecular weight and polydispersity of the p(AMA) homopolymer was determined
by GPC at 30°C; Shodex SB806 MHQ, SB-G columns connected in series to a Differen-
tial Refractive index detector. The polymer samples were prepared as 0.15% solution of
50/50 Methanol/Water, with 0.4 M LiNOs, 0.1 M Tris-2-chloroisopropyl phosphate, pH
9. The solution was mixed on a rotating wheel for several hours and then filtered (Mil-

lex-HV 0.45 um) and injected into the GPC system for analysis. Molecular weight val-
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ues were determined relative to PEO/PEG standards. The flow rate of the eluent was at
0.5 mL/min. The data was analyzed using Empower 2 software. The calibration was

performed with a 4" order polynomial fit.

2.5.5. Fourier Transform Infrared Spectroscopy (FTIR)

Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) spec-
tra were acquired on a Spectrum 100 spectrometer by ATR over a total range of (7800 -
370 cm™) as the sum of 25 accumulations with 0.5 cm™ resolution using a LiTaOs (li-
thium tantalate) detector. The velocity of the moving mirror was 0.6329 cm/s. The am-
bient temperature and the relative humidity for the spectrometer were respectively set
between 18°C and 25°C and less than 30% humidity. A background was performed and

all the aliquots were analyzed without further polymer precipitation.

2.5.6. Turbidity Measurement
The solutions of p(AMA)-CMC were gently poured into the 1.0 cm cuvette and the tur-
bidity was then measured with a spectrophotometer (Unocal, UV 2000, Japan) at 600 nm.

2.5.7. Microscopic Observation
A Nikon Eclipse E200 was used to observe the microcapsules with an objective x10 -

%20 magnification.

3. Results and Discussion

3.1. Monomer

AMA is commercially available as a “technical” grade, but its purity is only around
90%. Thus we synthesized this monomer on a 75 g scale in high purity (99%) using a
literature protocol [28].

AMA monomer is relatively unstable in its free amine form (pKa = 8.8), since it un-
dergoes internal rearrangement to generate the thermodynamically more stable isomer,
2-hydroxyethyl methacrylamide. In contrast, AMA monomer remains stable in its hy-
drochloride salt form [29].

3.2. Polymer

Synthesis of p(AMA)

Optimized reaction conditions for the homopolymerization of AMA via reversible
addition-fragmentation chain transfer (RAFT) have been recently reported [30]. In this
condition, the optimized solvent composition was determined to be an 80:20 IPA/H,O
mixture at 50°C, since this formulation gave short reaction times, high conversions,
and relatively low final polydispersity [30]. The authors had molecular weight until
15,000 g/mol with a small value of polydispersity (1.7). In our study, we have privileged
the random polymerization which facilitated the production of higher molecular weight
above 50,000 g/mol polymers with higher polydispersity.

These characteristics were needed to observe the formation of complex coacervates.

With a lower molecular weight, the interactions are just ionic bond and not complex
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formation. On the contrary, if the molecular weight is too high, the interactions lead to
the formation of precipitates. The molecular weight control by a random polymeriza-
tion seems a good opportunity [30].

Therefore, we focused on a statistical polymerization and used VAZO™ 67 as initia-
tor at pH 4.0. No other initiator is known to be soluble in water besides AIBN, classi-
cally used in this process. An AMA monomer conversion of 98.5% was achieved within
10 hours (Mw/Mn 4.7). A number-average molecular weight (Mn) of 18,600 was ob-
tained by aqueous GPC.

Monomer conversions were calculated by '"H NMR spectroscopy by comparing the
integrated intensity of the vinyl signals at §5.4 - 6.3 to that of the methacrylic backbone
signals at 60.5 - 1.0 and by GC with an internal standard.

3.3. Degradation of p(AMA)

The degradation of AMA monomer and the p(AMA) synthetized by RAFT is known to
occur in alkaline media as its primary amine groups become deprotonated. The effect
of temperature, pH, and polymer concentration on the rate of p(AMA) degradation in
dilute aqueous solution has been examined [31]. The degradation of p(AMA) synthe-
tized by random polymerisation is also observed in basic condition. The p(AMA) de-
gradation was observed by '"H NMR spectroscopy in basic condition, or with the tem-
perature (Figure 2).

'H NMR studies indicated that p(AMA) degradation is complex. The analyses
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Figure 2. '"H NMR spectra recorded for a 5.0 w/w% p(AMA) solution in D20/NaOD (pH 8) aged
at 50°C for 168 hours.
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confirm the presence of anionic carboxylate groups, which suggests that such elimina-
tion is due to ester saponification. The degradation of p(AMA) is expected to proceed
by the following reactions as explained in the literature [28] (Intramolecular Amidation
and the formation of hydroxyethyl methacrylate, Intramolecular amidation (II) and the
intramolecular crosslinking, or an Intermolecular amidation and the intermolecular
crosslinking).

The p(AMA) ester groups may undergo saponification by hydroxide anion, produc-
ing anionic carboxylate groups and 2-aminoethanol. Clearly this reaction is more likely
to occur at a more alkaline pH.

These studies encouraged the control of the pH during the reaction of polymeriza-

tion and the process of encapsulation.

3.4. Formation of Coacervates

Complex coacervates form when two oppositely charged polyelectrolytes interact with
each other to form a complex coacervate. Coacervates differ from a precipitate because
they are at a liquid phase due to their high water content and relatively weak electros-
tatic interaction. Hydrogen bondings also contribute to the formation of coacervates.

In the case of coacervation between gelatine and gum arabic, the interactions be-
tween the protonated amine moieties in gelatine and the anionic carboxylic moieties of
gum arabic can be observed using FTIR. In our case, we have produced complex coa-
cervates between CMC and p(AMA) (Figure 3).

The FTIR spectrum of p(AMA) (Figure 3) shows absorption bands related to C=0
stretching at 1734 cm™ (ester groups) and C-O bending at 1636 cm™ (ester). The ab-
sorption band at 1387 cm™ was attributable to the C-N stretching and the 3300cm™
band is from N-H bending (primary amine) vibrations.

The IR spectrum of CMC shows a broad absorption band at 3410 cm™ due to the
stretching frequency of the -OH group. The band at 2920 cm™ is due to C-H stretching

vibration. The presence of a strong absorption band at 1603 cm™

confirms the pres-
ence of COO™. The bands around 1424 and 1328 cm™ are assigned to -CH, scissoring
and -OH vibration, respectively. The band at 1057 cm™ is due to CHO-CH, stret-
ching.

The p(AMA)-CMC coacervates displayed a band at 1652 cm™ and 1565 cm™ attri-
buted to -COO~ and -NH; groups stretching vibrations. The coacervation between the
two biopolymers changed the FTIR spectrum in the carbonyl-amide region. The NH;
groups (band at 1594 cm™) and asymmetric and -COO~ stretching vibrations at 1644
and 1536 cm™ respectively disappeared, indicating the electrostatic interaction between
the carboxyl groups of CMC (COO") and amine groups of p(AMA) (NHs).

Additionally, the spectrum of p(AMA)-CMC coacervates showed a broad band at
around 3000 - 3600 cm™, indicating enhanced hydrogen bonding compared to those of
p(AMA) and CMC. This implied that hydrogen bonding was also involved in the inte-
raction between p(AMA) and CMC.

The primary amine seems to be a good candidate to have interaction with the
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Figure 3. FTIR of (a) coacervates of p(AMA)-CMC with a ratio of 1:0.4, (b) p(AMA), and (c)
CMC.

carboxylic function of the CMC, and allows for a large degree of hydrogen bonding.

A study of the turbidity (Figure 4) depending on the pH at different ratios of CMC
with p(AMA) was made to determine the best pH and best ratio to achieve the optimal
coacervate yield. We can conclude at which ratio and which pH the capsules are
formed:

We observed that at a ratio lower than 0.4 of p(AMA)-CMC, the yield of coacerva-
tion is not optimum and the pH of coacervation is around 6.5. Moreover, at this pH,
cross-linking with the glutaraldéhyde is impossible. With a ratio of p(AMA)-CMC
above 0.4, the interaction was too much important and the risk to form a precipitate was
close. Above the ratio of 0.4, the pH of complex formation was around 4.5. We concluded
that the optimum ratio was 0.4 and the optimum pH of complex formation was 4.5.

Zeta potential was measured (Figure 5) for different ratios of polymer. It appeared
that the complex coacervates that formed were positively charged within the pH range
where coacervation occurred. We observed that the pH of electrical equivalence PEE
(Zeta Potential = 0) decreased as the ratio of CMC increased. In fact, the addition of
more anionic polymer directly influenced the PEE of the complex.

At PEE pH, the interactions between the two polymers were too strong and formed a
solid precipitate instead of coacervates. Thereafter, encapsulation was investigated at
the optimum pH observed by turbidity, and not at the equivalence point indicated by
Zeta-potential measurements. In the case of p(AMA)-CMC at a ratio of 1:0.4 (w:w) and

at pH 4.5, the coacervates formed and were positively charged.
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Figure 4. Evaluation of the turbidity depending on the ratio of polymers.

80
—*—p(AMA)-CMC ratio 1 : 1
60
ﬁ m % A 0 - —#— p(AMA)-CMC ratio 1 : 0.75
A 2AA

s ¥ oo o o0 ALK
e * oo A >i ~— p(AMA)-CMC ratio 1 : 0.4
3 20 o H
= .
5 AX |
° [ | ——p(AMA)-CMC ratio 1: 0.2
£ o o
S
N 5 7 9 11 13

-20 0. R

-40 . -"A

-60 oH

Figure 5. Evaluation of the zeta potential depending on the ratio of polymers.

3.5. Final Obtention of Coacervates
The optimal yield of coacervates was obtained at pH 4.5 with the p(AMA)-CMC (ratio
1:0.4, w:w) at 50°C.

Crosslinking of the capsules was achieved through covalent bonding of the amines
functionality of p(AMA) using glutaraldehyde, a di-functional aldehyde.

3.6. Formation of Microcapsules

The capsules were obtained after the formation of coacervates at pH 4.5 with the
P(AMA)-CMC (ratio 1:0.4, w:w) at 50°C.

After coacervats formation, the internal phase was added and the temperature was

156

%%
0:%3: Scientific Research Publishing



N. Esselin et al.

decreased to allow the formation of the capsule shell. The last step of encapsulation is
the cross linking. This chemical reaction allowed the formation of covalent bonding by
reaction of a primary amine of the p(AMA) on an aldehyde of the glutaraldéhyde.

3.7. Evaluation of Microcapsules

After all the evaluations in encapsulation, the capsules were observed by microscopy to
show the size and the permeability of the wall (Figure 6).

The break strength of the microcapsules was evaluated after each encapsulation. In
the studies of p(AMA)-CMC microcapsules, the break strength was around 3 N/m?
The required break strength is determined by the application and desired release prop-
erties. Concerning the food application, the break strength has to be higher than 6
N/m? for the paintings application, the break strength has to be lower than 3 N/m?
The break strength could be increased by adding higher levels of cross linker, or by in-
creasing the quantity of available amine groups in the polymer. This can be achieved by
increasing the ratio of p(AMA) to CMC. Other studies were realized using p(AMA)
with another anionic polymer, the break strength was higher than 4.

The sizes of the microcapsules are related to the speed of the stirrer, and the angle of
the motor.

With these parameters (stirrer of rotation at 75 - 95 rpm, pH of coacervation at 4.5,
ratio of polymer 1:0.4... we can linked to have microcapsules from 20 pm to 2000 pm

depending of on the final use.

4. Conclusion

We have successfully prepared a cationic polymer that can be used to replace natural
polymers, e.g., gelatin. The use of a synthetic polymer could be a good alternative to
optimize the stability and the reproducibility of the capsules. The process of p(AMA)
synthesis was performed to provide a better stability of the polymer. The break strength

of the capsules was increased to allow the application of these capsules in few domains

Figure 6. Image of the microcapsules.
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(medicine, food, cosmetic, painting). All the parameters to better control the encapsu-

lation were evaluated to optimize the yield of coacervates and the capsules (including

FTIR, turbidity, pH, coacervate yield, and Zeta-potential). The presence of amine func-

tions on the polymer shows a significant difference to increase the properties of the

capsules.
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