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Abstract This work reports studies on the produc-

tion of eugenol-loaded microspheres by solvent evap-

oration method, targeted for incorporation into textile

substrates, using different cellulose derivatives: ethyl

cellulose, cellulose acetate (CA), cellulose butyrate

acetate, and cellulose acetate phthalate. The micro-

spheres were evaluated in terms of size, shape, thermal

stability, encapsulation efficiency, and eugenol kinet-

ics release. CA-based microspheres proved to be the

best, thus being selected for subsequent experiments.

Comparable properties of the CA-based microspheres

were achieved ongoing from 100 mL to higher batch

volumes (up to 2000 mL). The eugenol-loaded micro-

spheres were successfully incorporated into cotton

fabrics using a padding technique, confirmed by FE-

SEM. Eugenol release profiles from the impregnated

textiles demonstrated a slow and controlled release

(less than 20% of the encapsulated amount over

90 days). The developed microspheres demonstrated

to be the most promising for the retention and

protection of hydrophobic active compounds for

possible textile applications.
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Introduction

The textile industry has undergone significant

reforms over the last years because of scientific and

technological progress. The major changes are

related to the demands of consumers looking for

materials with greater comfort and new functional-

ities but also concerned about environmental issues

(Sarier and Onder 2007). Textile companies are

currently interested in developing unique, environ-

mentally friendly and high-quality products, namely

‘‘smart textiles’’ that improve safety, aesthetics,

health, and well-being (Prasad 2007; Jamekhorshid

et al. 2014; Salaün 2016). These functionalities are

normally achieved by the incorporation of active

compounds which, in most cases, cannot be added to

the textile substrates using traditional technologies.

In fact, it is often necessary to make use of strategies

capable of protecting the active agents from evapo-

ration or from oxidation/deactivation reactions with

the surrounding environment. Microencapsulation

followed by subsequent incorporation into textile

substrates is a common approach (Carfagna and

Persico 2006) that overcomes many of the afore-

mentioned problems, and additionally can result in an

efficient control delivery system (Ghosh 2006; Sarier

and Onder 2007). Besides, microencapsulation pro-

cesses for textile functionalization are significantly

encouraged since they give the possibility of pro-

ducing a high volume of suitable microparticles at

low cost (Nelson 2002). The microencapsulation of

phase change materials (Jamekhorshid et al. 2014),

and essential oils (Sutaphanit and Chitprasert 2014;

Patil et al. 2016), are the most successful examples of

encapsulated active materials for textile functional-

ization (Petrulis and Petrulyte 2019).

Among the most selected coating materials for the

microparticles, polymers occupy a relevant place

(Campos et al. 2013a). However, due to serious

concerns about environmental issues related to non-

biodegradable materials, the use of non-biodegradable

polymers for the production of short-life products is

not recommended (Avérous and Pollet 2012). As a

consequence, there is a generalized effort to replace

these environmentally harmful compounds by

biodegradable polymers (Chandra and Rustgi 1998;
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Kumari et al. 2010; Martins et al. 2014). Macro-

molecules derived from biomass, notably polysaccha-

rides, represent a very important class of

biodegradable polymers due to their abundance,

accessibility, biocompatibility, biological activity,

and the easy processability into various forms, such

as films, particles, fibers and capsules (Campos et al.

2013b). Among the polysaccharides, cellulose and its

derivatives and chitosan are worth mentioning.

In the present work, aiming to understand the

potential of different cellulose derivatives for the

microencapsulation of eugenol, cellulose acetate

butyrate (CAB), ethyl cellulose (EC), cellulose acetate

(CA) and cellulose acetate phthalate (CAP) were

selected and tested, at small scale (100 mL batch

volumes), as encapsulants (Doelker 1993; Miyazaki

et al. 2003; Fundueanu et al. 2005; Jelvehgari and

Montazam 2012; Graham et al. 2014; Pan-in et al.

2014).

Eugenol, the active agent to encapsulate, is the

main compound of clove oil with strong antiseptic,

antibacterial and antiviral properties (Cortés-rojas

et al. 2014; Piletti et al. 2017). Eugenol has also been

reported to be successfully retained using other

biodegradable polymers, like gelatin, alginate and

chitosan (Shinde and Nagarsenker 2011; Woranuch

and Yoksan 2013; Shao et al. 2018).

The solvent evaporation method was the selected

microencapsulation technique due to its simplicity, the

capacity of encapsulation of hydrophobic compounds

like eugenol, as well as due to its ability to produce

microspheres suitable for textile applications (Coim-

bra et al. 2008).

The cellulose derivative and surfactant concentra-

tion, eugenol/cellulose derivative ratio, and organic

phase/aqueous phase ratio used were the same for all

cellulose derivatives, and the produced microspheres

were evaluated in terms of size and size distribution,

shape, thermal stability, encapsulation efficiency, and

eugenol release profiles. After preliminary experi-

ments, the most promising cellulose derivative was

used for higher microsphere production volumes (up

to 2000 mL).

The microspheres can be incorporated into the

textile substrates using traditional finishing processes,

such as coating, spraying and exhaustion or using

impregnation by padding. These processes allow

adding new functionalities to the fabrics, like appear-

ance, texture, and breathability without changing their

original features. In this work, the fibers were

impregnated with the microspheres by padding using

a foulard followed by a drying step (Ghosh 2006;

Rodrigues et al. 2009). To evaluate the incorporation

of eugenol-loaded microspheres into the fabrics, the

textile substrates were analyzed by FE-SEM. Finally,

the eugenol release profile of the textile-microsphere

conjugate was assessed.

Materials and methods

Materials

Eugenol (99%, Acrõs Organics, Belgium), poly(vinyl

alcohol) (PVA, Mw 115,000, VWRChemicals, USA),

cellulose acetate butyrate (CAB, Mw 16,000, butyryl

content 50–54%, Acrõs Organics, USA), ethyl cellu-

lose (EC, ethoxyl content 48%, 300 cps, Acrõs

Organics, USA), cellulose acetate (CA, Mw 100,000,

Acrõs Organics, USA), cellulose acetate phthalate

(CAP) (Mw 2500, Sigma Aldrich, USA), ethyl acetate

(VWR Chemicals, France), chloroform (VWR Chem-

icals, France), ethanol (VWR Chemicals, France) and

fabric composed of 100% cotton (knit, weight of

150 g/m2, from Devan Chemicals, Belgium).

Methods

Cellulose derivatives microsphere preparation

Eugenol-loaded microspheres were prepared by an oil-

in-water (O/W) emulsion solvent evaporation method

(Fig. 1), based on the procedure described by Coimbra

et al. (Coimbra et al. 2008) in 100 mL batch volumes.

To form the O/W emulsion, the organic phase,

containing Eugenol and the cellulose derivative, was

added dropwise to the aqueous phase (PVA solution)

and left under homogenization for 10 min at 8000 rpm

with an Ultraturrax T25 (IKA, Germany). For all tests,

the cellulose derivative and surfactant concentration

were 3% (w/v) and 0.5% (w/v), respectively. A 1:1 (w/

w) eugenol/cellulose derivative ratio and 1:5 (v/v)

organic phase/aqueous phase ratio were used. The

cellulose derivatives CA and CAB were dissolved in

ethyl acetate whereas the derivatives EC and CAP

were dissolved in a 50/50 (v/v) mixture of Chloro-

form/Ethanol. The obtained O/W emulsions were

continuously stirred for 12 h, to allow the total
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evaporation of the organic solvent. The resulting

microspheres were collected by centrifugation, at

3000 rpm, and then washed three times with deionized

water. To prevent eugenol losses, the samples were

frozen at- 18 �C and freeze-dried in an Alpha 1-2 LD

Plus (CHRIST, Germany), operating at - 52 �C in a

pressure chamber of 0.04 mbar. The dried micro-

spheres were stored in a desiccator until further use.

Larger scale CA microsphere production

In these experiments, carried out in total volumes of

250, 500, 1000 and 2000 mL, only cellulose acetate

(CA) was used as the coating material for the

microencapsulation of eugenol. To increase the mass

yield of the microspheres, the CA concentration in the

organic phase was increased from 3% (used in 100 mL

tests, section ‘‘Cellulose derivatives microsphere

preparation’’) to 7% (w/v) in ethyl acetate and added

dropwise to the aqueous phase, PVA 0.5% (w/v)

solution to form the O/W emulsion, at the same

conditions of the 100 mL scale assays (section ‘‘Cel-

lulose derivatives microsphere preparation’’).

Eugenol/cellulose derivative and organic/aqueous

phase ratios (specified in section ‘‘Cellulose deriva-

tives microsphere preparation’’) were also kept invari-

ant. Due to the higher volume of O/W emulsions in the

larger scale tests, a rotary evaporator (40 �C,
0.1 mbar, Rotavapor� B-114, Buchi, Switzerland)

was used to promote total evaporation of the organic

solvent of the O/W emulsion. The produced micro-

spheres were collected by centrifugation, washed,

freeze-dried and stored in a desiccator.

Size distribution

Particle size distributions of the microspheres were

measured by static light scattering using a Mastersizer

2000E (Malvern Instruments Ltd., United Kingdom)

optical bench fitted with a Hydro 2000MU sample

dispersion unit. For this analysis, sonicated samples

were added to 800 mL beaker of distilled water (pH

6.5) to achieve an adequate light obscuration (between

7% and 10%) and pumped at 2000 rpm. For the

dispersed phase and the continuous phase, refractive

index values of 1.57 and 1.33, respectively, were used.

d10, d50, and d90 values represent the diameter for

which a given percentage (10, 50 and 90%, respec-

tively) of particles is smaller than that size. Measure-

ments were repeated, on average, ten times per

sample.

Zeta (f) potential

f-potential measurements were performed in a Zeta-

sizer Nano-Z (Malvern Instruments, Malvern, United

Kingdom) using a combination of measurement

techniques: Electrophoresis and Laser Doppler

Velocimetry (Laser Doppler Electrophoresis). The f-
potential values were provided directly by the instru-

ment. In all measurements, microspheres were dis-

persed in distilled water (pH 6.5) at 25 �C. f-potential
was obtained as the average of 10 readings per sample.

Thermogravimetric analysis (TGA)

The thermal stability of the produced microspheres

was assessed by High-Resolution Thermogravimetry

Analysis (Hi-Res-TGA). A TA Instruments Q500

Fig. 1 Microencapsulation of eugenol with cellulose derivatives by the emulsion solvent evaporation method
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thermogravimetric analyzer (thermobalance sensitiv-

ity: 0.1 lg) was used after being calibrated over the

temperature range 25–500 �C by measuring the Curie

point of nickel standard in open platinum crucibles,

under a dry nitrogen purge flow of 100 mL min-1, and

a (maximum) heating rate of 2 �C min-1. At least two

measurements were performed for each sample.

Encapsulation efficiency and release profiles

UV spectrophotometry was used to determine the

encapsulation efficiency (EE) and release profiles of

eugenol (Pramod et al. 2013). To determine the

eugenol content in the microspheres, a known amount

of lyophilized eugenol-loaded microspheres was dis-

persed in ethanol (1 mg mL-1) and kept in these

conditions for 48 h, under moderate agitation, to

promote the total release and dissolution of the

entrapped eugenol. The resulting suspension was then

centrifuged, and the supernatant was filtrated and

analyzed in a UV spectrophotometer (Jasco, model V-

550, USA) at 280 nm. The encapsulation efficiency

EE (%) is defined as the ratio between the experimen-

tally determined eugenol content (EEL) and the

theoretical eugenol loadings (TEL):

EE ¼ EEL

TEL

where

EEL ¼ weight of detected eugenol

weight of eugenol loaded microspheres

and

TEL¼ weight of added eugenol

weight of added eugenolþweight of added polymer

The ‘‘weight of detected eugenol’’ is the amount of

eugenol quantified by UV spectrophotometry and the

‘‘weight of eugenol loaded microspheres’’ the weight

of eugenol microspheres in ethanol used for the

measurement.

For the release profiles, the remaining lyophilized

eugenol-loaded microsphere samples from the same

batch (weighted and left exposed at room atmosphere)

were periodically collected and treated as mentioned

above to obtain the absorbance measurements that

enable the calculation of the amount of eugenol that

endured in the microspheres and thus the eugenol

released over time. All curves were normalized for

analysis.

Textile functionalization

A 100% cotton fabric with a weight of 150 g m-2 was

impregnated with the eugenol-loaded microspheres

(Fig. 2). This textile was treated using a finishing

formulation with a microsphere concentration of

35 g L-1 leading to a wet pick-up of 70%. Micro-

spheres were applied by padding using a horizontal

foulard mangle of pneumatic type (RAPID foulard,

model P-B0, from Labortex CO., Ltd) at room

temperature and pressure of 4 bar. The impregnated

textile was then dried at 80 �C for 10 min.

For the release profiles, the textile substrates

functionalized with the eugenol-loaded microspheres

were cut in ca. 4 cm2 samples and left exposed at room

atmosphere for 90 days to allow the eugenol release.

Textile samples were periodically collected and

dipped in 6 mL of ethanol for 48 h to promote the

total dissolution of the entrapped eugenol. The final

solutions of dissolved eugenol in ethanol were then

used in the absorbance measurements as previously

described (section ‘‘Encapsulation efficiency and

release profiles’’) to calculate the eugenol release over

time. All curves were normalized to compare the

eugenol release between the lyophilized microspheres

and the microspheres entrapped in the textile.

Surface morphology

Particle shape and surface morphologies of the

microspheres were analyzed by field emission scan-

ning electron microscopy (FE-SEM). Microspheres

were placed on double-sided graphite tape attached to

a metal surface without any coating. Observations

were performed at 1.5 kV in a MERLIN GEMIN II

(Zeiss, Germany).

Results and discussion

Smaller scale microsphere production

For the functionalization of textile substrates, the

microparticles must be stable, biodegradable, exhibit a

good retention ability (EE), and a controlled release

capability, which in this case means a moderate
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release of the encapsulated content over a 2/3-month

interval. Considering that the microparticles will be

housed between the fibers of the fabric, too large size

particles are not desirable to prevent their early loss

(e.g., due to friction). Ideally, sizes below 15 lm are

desirable. For this application, the polydispersity and

morphology of the microparticles are not critical

factors, but uniform size distributions and a spherical

shape contribute to their stability.

As mentioned, different cellulose derivatives (CA,

CAB, CAP, and EC) were used to produce micro-

spheres at a small scale with the necessary character-

istics to microencapsulate eugenol employing an oil-

in-water method. These cellulose derivatives were

used in a concentration of 3% (m/v) in the solvents

described in section ‘‘Cellulose derivatives micro-

sphere preparation’’ (ethyl acetate for CA and CAB

derivatives and a mixture of Chloroform/Ethanol for

EC and CAP). The produced microspheres were

primarily analyzed in terms of size distribution and

morphology.

Size distribution curves reveal considerable differ-

ences depending on the cellulose derivatives used. As

evidenced by the results from Fig. 3a, CA and CAB

microspheres are much smaller than the EC and CAP

microspheres (the largest particle sizes of the former

two correspond approximately to the lowest sizes of

the latter samples). Moreover, the size distribution of

CA exhibits a slightly asymmetric unimodal distribu-

tion, with a peak at 1.3 lm (Table 1; top), and a small

tail towards larger particles, whereas the CAB micro-

spheres have a bimodal distribution, with a prominent

peak at 2.2 lm and a smaller peak at 1.3 lm (Table 1;

top). Besides, the particle size distributions of EC and

CAP based microspheres, ranging from 4 to 35 lm,

exhibit peaks at 11.5 lm and 20 lm, respectively

(Table 1; top).

These findings are in line with FE-SEM images

(Fig. 4) which clearly show that CA and CAB

microspheres (Fig. 4a, b) are much smaller than those

of the two other samples. Additionally, CA-based

microspheres are slightly smaller than those prepared

using CAB. Nonetheless, they both seem fairly

homogeneous in size and shape. On the other hand,

Fig. 4c, d allow to inferring the presence of much

larger particles, with a broader size range, in the case

of EC and CAP. All samples exhibit spherical particles

with a smooth surface, except EC-based particles

Fig. 2 Production of a functionalized textile with controlled release capacity microspheres. The microspheres contain an active

compound of interest entrapped in the polymeric matrix

Fig. 3 Size distributions curves of the eugenol-loaded micro-

spheres at a smaller and b larger scales
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which exhibit surface irregularities (suggesting pores

and/or holes), as well as less sphericity (Fig. 4d). It is

worth mentioning that for the FE-SEM analysis

lyophilized microspheres were used, and therefore

the samples consisted of a powder whose tendency to

agglomerate is visible in the SEM images (Fig. 4).

However, this should be understood as a side effect

caused by the lyophilization process.

The obtained results (Fig. 3a, Table 1; top and

Fig. 4) demonstrated that the set formed by CA and

CAB-based microspheres presents smaller sizes

(\ 10 lm) and relatively narrow size distributions.

On the other hand, the set including EC and CAP-

based microspheres exhibits larger particles (up to

35 lm) and broader size distributions. The noticeable

differences between these group of samples can be

explained by the different solvents used, since the

immiscibility of the organic phase in the aqueous

phase is crucial for the O/W emulsion (Coimbra et al.

2008; Jyothi et al. 2010; Campos et al. 2016). In fact,

ethanol is water-miscible; thus, when the organic

phase of cellulose derivatives EC and CAP is

Table 1 Size, surface

charge, and efficiency of

encapsulation (EE) of the

eugenol-loaded CA, CAB,

CAP and EC microspheres

produced at different scales

(the tabulated results

correspond to mean

values ± standard

deviation, with n = 3 for

particle sizes and EE and

n = 10 for zeta-potential)

Sample d10/lm d50/lm d90/lm Mode/lm f-potential/mV EE/%

Smaller Scale (100 mL) Production (all samples)

CA 0.54 ± 0.02 1.21 ± 0.01 4.87 ± 0.02 1.26 - 28.3 ± 1.2 34.7 ± 0.1

CAB 0.98 ± 0.01 2.85 ± 0.01 7.22 ± 0.02 2.19 - 28.7 ± 0.6 24.6 ± 0.2

CAP 8.27 ± 1.26 19.62 ± 0.69 29.89 ± 3.81 19.95 - 29.5 ± 0.9 31.4 ± 0.1

EC 2.65 ± 0.44 11.73 ± 0.44 28.54 ± 1.38 11.48 - 31.8 ± 0.6 18.5 ± 0.3

VBatch/mL d10/lm d50/lm d90/lm Mode/lm f-potential/mV EE/%

Larger Scale Production (CA)

250 1.28 ± 0.39 2.00 ± 0.50 2.99 ± 0.64 2.18 - 22.9 ± 3.8 39.8 ± 0.2

500 0.78 ± 0.01 1.50 ± 0.50 3.12 ± 0.90 1.44 - 19.4 ± 0.4 36.8 ± 0.1

1000 0.95 ± 0.13 1.73 ± 0.03 2.91 ± 0.04 1.91 - 18.9 ± 0.2 34.5 ± 0.1

2000 0.63 ± 0.04 1.37 ± 0.02 2.22 ± 0.02 1.66 - 18.3 ± 0.4 33.3 ± 0.1

Fig. 4 FE-SEM images of

the eugenol-loaded CA (a),
CAB (b), CAP (c) and EC

(d) microspheres produced

at smaller scale

(magnification of 1.50 K)
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gradually added to the aqueous phase, it is likely that

the solvent mixture will partially dissolve in the water.

This phenomenon somehow disrupts the emulsion and

may lead to the formation of microspheres with a more

pronounced polydispersity, i.e. broader size distribu-

tions (Fig. 3a, Table 1; top and Fig. 4).

In terms of zeta potential (Table 1; top), all

cellulose derivatives led to negatively charged parti-

cles, with average values around- 29 mV. This result

suggests moderate stability of the suspensions, mean-

ing that the propensity to aggregate might not be a

critical issue (Torchilin 2006; Kumar and Dixit 2017).

The eugenol encapsulation efficiencies (EE) are

rather different between samples: 35% for CA, 31%

for CAP, 25% for CAB, and 19% for EC (Table 1;

top). The fact that EC based microparticles are those

with the lowest EE value can also be explained by the

aforementioned reasons, i.e. since eugenol is highly

soluble in ethanol (Pramod et al. 2013) and this is

water-soluble, a loss of eugenol can occur when this is

added to the aqueous phase. This, however, does not

explain the relatively high EE value found for CAP

based microspheres (31%), that also use this same

solvent. Another explanation that can be advanced is

related to the interaction/affinity of eugenol with

cellulose derivatives. Indeed, the basic structure of the

functional groups of cellulose derivatives CA, CAB

and CAP are similar to each other but quite different

from EC. This can also be a relevant factor for eugenol

retention.

HiRes-TGA curves and, for a better mass loss rate

comparison, their time derivatives, are depicted in

Fig. 5 for eugenol, CA, CAB, CAP, and EC, as well as

for the resultant microspheres. Table 2 summarizes

thermoanalytical quantities of interest. When consid-

ered alone both CA and CAB exhibit essentially one

decomposition stage with peak temperatures

(333.3 ± 0.1) �C and (337.2 ± 0.2) �C, respectively,
whereas CAP decomposes through two consecutive

steps (peak temperatures (195.2 ± 0.3) �C and

(331.21 ± 0.50) �C, respectively), the first ascribable
to the elimination of acetyl and phthalyl groups, and

the second to the degradation of the backbone chain

(Vijayalakshmi Rao et al. 2000). Overall, the thermo-

analytical results demonstrate that the cellulose

derivatives, both alone and in the form of eugenol-

loaded microspheres, are thermally stable. Consider-

ing that the first mass loss stage observed at ca.

73–78 �C in the eugenol-loaded microspheres is, in all

likelihood, due to the release (vaporization) of eugenol

(and not to the decomposition of the polymeric

matrix), the actual decomposition temperatures (Ton)

start well above 200 �C or even 300 �C in most cases.

The thermal stability (considering the main decom-

position event) follows the order CAB[EC[
CA % CAP. The residual mass is lower than ca.

11% in most samples, being rather small for the EC-

based samples. It is worth mentioning that a plausible

explanation for the observed differences in the TGA

profile on going from the CAP raw polymer to the

CAP microspheres with Eugenol rests on the fact that

the latter may cause changes in the specific area of the

polymeric matrix. Similar thermal behavior has been

reported in the study of nanostructured CAP (Olaru

et al. 2013), in which different profiles between the

thermal decomposition of CAP-based film/fibers and

powder were found.

The HiRes-TGA data (Fig. 5 and Table 2) confirm

the good thermal stabilities of the prepared micro-

spheres, which is an important attribute for further

application (processing). Indeed, this information is

crucial for selecting the operating conditions of the

textile functionalization with the eugenol-loaded

microspheres. The profiles of both TG and DTG

curves of eugenol alone clearly indicate a vaporization

process. The measured temperatures at weight loss 2%

and 5% for eugenol were close to 74 and 86 �C,
respectively. These data together with the overall TG

(and DTG) profiles in Fig. 5 allow to unequivocally

ascribe the first mass loss stage of microspheres to the

release of the eugenol they incorporate.

The eugenol release profiles were assessed to study

the control release capacity of the cellulose derived

microspheres. As can be seen in Fig. 6a, at the same

conditions, EC based microspheres are the faster

releasers, followed by CAP, CAB, and CA micro-

spheres, able to better retain eugenol. The maximum

percentage of eugenol release is dependent on the

cellulose derivative used in the microencapsulation,

varying from 35% for the CA-based microspheres to

80% of the EC profile over 63 days, which is a quite

interesting result. Comparing the release profiles of

Fig. 6a and the encapsulated efficiency values of

Table 1 it can be concluded that, although retaining

less eugenol, the EC based microspheres exhibit a

faster release rate, probably favored by the incorpo-

rating pores (Fig. 4d).
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Characteristics such as particle size, morphology,

polydispersity, thermal stability, and, to a less extent,

the encapsulation efficiencies and the release profiles,

were the criteria taken into consideration for the

selection of cellulose derivatives for further studies.

CAP and EC-based microspheres were excluded

Fig. 5 HiRes-TGA and time derivative (DTG) curves of pure eugenol, CA, CAB, CAP and EC biodegradable cellulose derivatives,

and of the corresponding eugenol-loaded microspheres
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because of their size and release capacity (see Figs. 3,

4, 5, 6 and Table 1; top). Among the two other

cellulose derivatives (CA and CAB) which presented

similar sizes, morphology and polydispersity (Fig. 3a,

4a–e and Table 1; top), CA-based microparticles

revealed a higher encapsulation efficiency and a

slower eugenol release profile (Table 1; top and

Fig. 6a). Summing up, from the analysis of the

above-described results, the eugenol CA-based micro-

spheres incorporating eugenol proved to possess not

only a uniform size distribution but also the highest

encapsulation efficiency, as well as the best-controlled

release capacity. Therefore, CA was the cellulose

derivative selected for the subsequent larger-scale

tests and to a tentative evaluation of the incorporation

of CA-based microspheres on textile fibers.

Larger scale CA microsphere production

To check the effects of larger-scale production, total

volumes of 250, 500, 1000 and 2000 mL were tested,

maintaining the eugenol/cellulose derivative and

organic phase/aqueous phase ratios. Moreover, the

percentage of CA in the organic phase was increased

from 3 to 7% (w/v) to enhance the final mass yield.

Figure 3b compares the particle size distribution

curves of CA-based microspheres for the batch

volumes from 250 to 2000 mL with the curve

corresponding to the smaller scale experiments

(100 mL batch). The most obvious feature is the

Table 2 Characteristic quantities (average and standard deviation of at least two runs) derived from the thermoanalytical curves (cf.

Fig. 5)

Sample Ton/�C Tp/�C Dm/% mr/%

CA 234.9 ± 1.8 314.3 ± 0.3 333.3 ± 0.1 4.87 ± 0.64 80.33 ± 0.78 10.78 ± 0.69

CA-EUG 77.9 ± 0.3 317.4 ± 0.9 98.5 ± 0.5 333.4 ± 0.1 15.34 ± 0.10 69.39 ± 0.30 11.07 ± 0.01

CAP 171.5 ± 0.5 311.4 ± 1.2 195.2 ± 0.3 331.2 ± 0.5 32.01 ± 0.94 58.01 ± 1.63 5.47 ± 0.00

CAP-EUG 73.0 ± 0.2 319.8 ± 0.2 93.5 ± 0.1 335.3 ± 0.4 23.51 ± 0.13 63.73 ± 0.49 9.36 ± 0.15

CAB 325.6 ± 1.2 337.2 ± 0.2 87.34 ± 0.45 9.61 ± 0.10

CAB-EUG 76.2 ± 0.2 324.4 ± 1.3 95.3 ± 0.4 337.3 ± 0.4 12.42 ± 0.06 76.99 ± 0.33 7.98 ± 0.22

EC 318.8 ± 0.4 328.0 ± 0.2 96.7 ± 0.08 2.74 ± 0.06

EC-EUG 77.1 ± 0.2 322.4 ± 0.1 95.8 ± 0.3 331.0 ± 0.3 20.77 ± 0.01 76.52 ± 0.64 2.41 ± 0.21

Ton: extrapolated onset temperature (TG curve); Tp: peak temperature (DTG curve); Dm: mass loss in relevant events (TG curve); mr:

residual mass (TG curve)

Fig. 6 Eugenol release profiles of a CA, CAB, CAP and EC

eugenol-loaded microspheres and b the functionalized textile

with eugenol-loaded CA microspheres produced in a higher

production volume (presented results refer to mean aver-

age ± standard deviation, n = 3)
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widening of the size distributions and a shift towards

larger values when going from the 100 mL scale to the

larger-scale tests. Among the latter, there are no very

significant differences in both the overall distributions

and the marginal variations in their parameters.

(Table 1; bottom and Fig. 3b). The increase in

production volume involved an increase in the cellu-

lose derivative concentration (from 3 to 7% (w/v))

thus increasing the viscosity of the organic phase and

hindering its dispersion in the aqueous phase; this

explains the occurrence of larger microspheres and

broader size distributions.

The FE-SEM image corresponding to the 250 mL

batch (Fig. 7a) indicates that the morphology of the

CA-based microspheres was maintained (see also

Fig. 4a), i.e. smooth spherical microparticles ranging

from ca. 1 to 4 lm. Thus, the increase in the

production volume in the studied range

(250–2000 mL) has no noticeable effects on the size,

polydispersity, and morphology of the microspheres.

The larger-scale experiments led to lower (abso-

lute) zeta potential values (- 20 mV on average;

Table 1; bottom) than the preliminary counterparts

(ca. - 28 mV, Table 1; bottom). Nevertheless, no

aggregates were found in the suspensions during its

characterization or later textile impregnation.

The encapsulation efficiencies (Table 1: bottom)

are in general slightly higher than those of the smaller

scale tests, a result that validates the beneficial effect

of increasing the concentration of CA. However, as

production volume increases, EE values tend to

slightly decrease. Taking into consideration that for

larger batch volumes (up to 8 times) the suspension

homogenization is getting more difficult, the obtained

results are quite satisfactory, confirming the viability

of the formulation and the selected technique.

Textile impregnation

An exploratory textile functionalization test was

performed by the padding technique (Fig. 2) to

evaluate how the selected cellulose derivative-based

microspheres behave in the textile matrix in terms of

eugenol release performance. No specific physi-

cal/chemical attachment procedure was used in the

impregnation process so that eugenol-load micro-

spheres were simply entrapped into the cotton fibers of

the textile substrate.

Figure 7b, c present FE-SEM images of the textiles

after impregnation with CA microspheres (from a

500 mL batch). Although sparsely populated, a fairly

homogenous distribution of the microspheres through-

out the fabric, without significant agglomeration, and

preserving the original spherical shape, is observed.

This indicates that the particles are resistant to the

applied pressure during the padding process. The

thermal stability characterizing the CA microspheres

as demonstrated by the TGA results ensures its

integrity after the drying stage. However, it should

be noted that some volatilization of eugenol and

concomitant leaking from the microspheres can occur

when exposed to 80 �C for 10 min, indicating that

some technical tuning might be necessary regarding

the textile functionalization procedure.

The resultant impregnated fabric contained 0.02 g/

g (wt. of dry microspheres per wt. of fabric), value

obtained by the difference between the weight of

untreated and treated fabric (Rodrigues et al. 2009);

which is clearly low, mainly because, as mentioned,

no assembly strategy was applied in the impregnation

process, microspheres are only entangled into the

textile fibers.

Fig. 7 FE-SEM images of the functionalized textile substrate (b, c) with eugenol-loaded CA microspheres (a)
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Additionally, eugenol release profiles from the

microsphere-functionalized textile were recorded

(section ‘‘Textile functionalization’’). These tests were

carried out in contact with air in controlled temper-

ature and humidity ambient, at the same conditions

used in the release experiments carried out with the

lyophilized microspheres alone. The release profile

from the textile over 90 days (Fig. 5b) shows that only

15% of the total initial amount of retained eugenol was

released by diffusion in the air. This value is consid-

erably lower than that detected for the release of

eugenol from lyophilized microspheres alone

(Fig. 6a) that reached about 35% (of the total initial

amount of retained eugenol) after 60 days, indicating

that incorporation of the microspheres into the fibers

implies longer retention of eugenol.

Conclusions

The study here reported shows that cellulose acetate

was the most adequate cellulose derivative tested for

the microencapsulation of eugenol using the solvent

evaporation method at a small scale (100 mL). The

increase in the production volume up to 2000 mL did

not result in significant changes in particle size,

surface charge, encapsulation efficiency and release

performance of the formulated microcapsules. Textile

substrates were successfully impregnated with the

eugenol-loaded CA microspheres through a padding

process and the release of this compound throughout

time was considered satisfactory.

The developed microspheres as well as the

microencapsulation technique, proved to be most

suitable for textile functionalization.
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