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Abstract— Technical textiles for medical applications are a 

research expanding field. One of the added values of these 

materials can be suitable to contain and release active ingredients 

in a controlled manner. A possible alternative to obtain fabrics 

with controlled drug release properties could lie in the 

modification of fiber-active principle bonds, so that you get a 

proper release for each particular application. R & D currently 

developing drug delivery systems aims to achieve a controlled 

release of an active principle during a predetermined time. This 

is done in order to avoid the administration of several doses of 

drugs or cosmetic products and thus make the patient follow the 

therapy more easily.  

 

The influence of surface modification of fibers by low 

temperature plasma has been studied regarding the modification 

of the physical, chemical and topographical properties of the 

textile fibers. First studies evaluated the incorporation and 

release of anti-inflammatory and cosmetic drugs from different 

textile materials to evaluate the modulation of the drug release as 

the result of the surface modifications achieved by plasma 

treatment. The use of plasma technology to modulate the release 

of drugs is an original and innovative contribution. By altering 

the chemical bonds on the surface of textile fibers with plasma, 

the drug release kinetic profiles may be modified. 

 

Keywords— Biomedical textiles, drug delivery, plasma, fiber 

surface modification. 

 

I. INTRODUCTION 

 

Polyamide fibers, such as synthetic polymer fibers, have a 

complex structure which combines very ordered 

macromolecular regions, regions with greater disorder, and 

regions of an intermediate order within a context orientated in 

the direction of the longitudinal axis of the fiber. 

 

The goal of surface treatment is to modify the interactions of 

the macromolecular material in surface. Surface properties of 

polymers like textile fibers can be modified by atmospheric or 

low-pressure glow discharge plasma. The physical definition 

of a ‘plasma’ is a state of mixed ions, radicals, electrons, 

excited molecules, UV and visible radiation that preserves 

electrical neutrality. Plasmas can exist over an extremely wide 

range of temperature and pressure. Glow discharge, or low-

temperature plasmas (LTP), are generated by gaseous electric 

discharges, they provide a source of high-energy electrons 

without excessive heating of the surface and are highly 

reactive chemically (Ward, 1982; Inagaki, 1996).  

 

Physical and chemical properties of a solid polymeric surface 

significantly affect adhesion, wetting, friction, anticorrosion 

and light reflection. LTP treatment is of interest as an effective 

technique for modifying polymer surfaces (Okuno, 1992; 

Wakida, 1993; Wakida, 1998).  Plasma techniques are 

attractive for several reasons: they allow modification of the 

surface layers up to a depth of several manometers of the 

substrate while maintaining its bulk properties. They can 

achieve the desired surface polarities, their low temperature 

avoids sample destruction, they are of a dry, environmentally 

friendly nature (Shishoo, 1996) and they offer new research 

areas, in particular in material sciences. Type of gas and 

working process conditions determine the effects produced on 

the sample, enabling a variety of generic surface processes 

such as surface activation by bond breaking to create reactive 

sites, grafting of chemical moieties and functional groups, 

material volatilisation and removal (etching) from the surface, 

dissociation of surface contaminants/layers (cleaning), and 

deposition of thin layers on the surface. 

 

Corona discharge is characterised by a glow discharge with 

eventually bright filaments extending from a sharp, high-

voltage electrode towards the substrate. Corona treatment is 

the longest established and most widely used plasma process. 

It has the advantage of operating at atmospheric pressure and 

the reagent gas usually is the air (Shishoo, 2007). Air plasma 

treatment can modify the physical and chemical properties of 

the surface in such a way that enables to increase the 

hydrophilic character of a material (Morra, 1988). This effect 

applied to textile fibers surfaces, could be a mean to 

incorporate molecules in aqueous solution in a higher amount, 

as well as for continuous and discontinuous industrial 

processes. 

 

Until today, plasma technology has been studied in the textile 

field for specific applications (Anderson, 1960; Byrne, 1972; 

Rakowski, 1982; Wakida, 1996; Yip, 2002). However, until 

now, investigation on plasma technology has been mostly 
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applied to textiles for conventional textile applications but 

never to incorporate active principles in textile materials, and 

its release to specific media. 

 

Smart textiles are an emerging field and consist of textile 

materials and structures that sense and react to environmental 

conditions or stimuli, such as those from mechanical, thermal, 

chemical, electrical, magnetic or other sources. One of the 

most interesting applications for smart textiles is in the 

medical / pharmaceutical field. 

 

In this study, a polyamide 6.6 knitted fabric has been chosen 

as textile support. Polyamide fibers (or nylon fibers) are 

defined by the ISO standards as chemical fibers formed from a 

polymer of synthetic linear macromolecules in which the 

chain is a succession of amide groups, with a minimum of 

85% linked to aliphatic or cycloaliphatic groups (Gacén, 

1986). Depending on the number of carbon atoms in the 

monomers or intermediate products used in the synthesis, a 

specific polyamide is obtained. The most common are 

polyamide 6 and 6.6 (Fig. 1).  

 

 

 

 

Figure 1: Chemical structure of polyamide 6.6. 

 

In the present work, the modification of surface fiber 

properties by corona plasma treatment of industrially-finished 

PA66 and of previously laboratory washed PA66 fabrics are 

evaluated in order to compare how the initial state of the 

sample affects the change of PA66 fiber properties after the 

plasma treatment.  The impact of the time of plasma treatment 

of the PA66 samples are studied on the impregnation behavior 

of the fabrics by a solution of caffeine, as well as the release 

of this drug from the fibers of PA66 to an isotonic liquid 

media. 

 

 

Figure 2: PA66 knitted fabric structure 

 

II. EXPERIMENTAL PART 

A. Materials 

 

For this research a polyamide 6.6 (PA66) knitted elastic fabric 

(kindly provided by Tejidos Elásticos Lloveras S.A.) was used 

(Fig. 2). ECE Standard detergent (ISO105:C06) was used for 

the washing of the PA 66 samples. 

The drug used was caffeine (Fagron Iberica S.A, 99.0%) used 

in aqueous solution (Fig. 3). Phosphate buffer (pH 7.4, (PBS)) 

was prepared from KH2PO4, purchased from Fagron Iberica 

S.A.V, Na2HPO4 purchased from Probus S.A, NaCl from 

Acofarma
®

, and distilled water. All these chemicals were of 

analytical grade. 

 

Figure 3: Chemical structure of caffeine. 

 

B. Methods 

 

1. Washing treatment of PA66 fabrics 

 

Because the polyamide fibers contain additives for industrial 

processing such as mineral oils, antistatic products, paraffin 

oils and/or silicone, a laboratory washing process of PA66 

fibers is carried out to study the influence of these additives on 

the plasma treatments. 

 

Washing treatment was carried out using an Ahiba Polymat 

equipment with bath ratio of 1/10 and 5% v/v ECE detergent. 

Working conditions were maintained constant (60ºC, 40 

r.p.m.) during the 30 minutes of the process. Samples were 

rinsed five times under the same working conditions in 

distilled water. Finally they were dried at 60ºC during 12 h 

followed by an over-dry at 105ºC during 15 min before their 

storage, in a desiccator. 

 

2. Characterization of the wetting properties of PA66 

 

In this work determination of static contact angle, which 

provides quantitative data on the surface wettability of fibers, 

was carried out. 

 

Water static contact angle determines surface wettability by 

measuring the extent of spreading of a droplet on a surface. 

The determination of the wetting properties of each fabric with 

and without plasma treatment was done by static contact angle 

measurements. A Krüss DSA100 goniometer and software 
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were used for the acquisition of the measures, with the 

software Drop Shape Analysis. Textile samples were laid flat 

on a clean and dry glass support without mechanical stress and 

10 µL water droplets were deposited on the fabrics. 

Measurements were carried out on the plasma-treated side of 

the samples. In this study, 4 replicates of each measurement 

were carried out, to guarantee statistic significance of the 

results. 

 

1. Plasma treatment 

 

Plasma treatments were carried out by means of an Ahlbrandt 

FG-2 corona plasma using air as plasma gas (Fig. 4). Distance 

between the electrode and the fabric was adjusted to 10 mm. 

During the treatments, power, speed and incident current were 

kept constant at 380 W, 15 r.p.m. and 1.90 A respectively. 

Fabrics were treated for, 3, 5 or 10 plasma sequences. Each 

sequence corresponds to an exposition time of the sample to 

the plasma of 0.35 s.  

 

 

Figure 4: Scheme of the corona plasma used to treat the PA66 fabrics. 

 

2. Scanning Electron Microscopy  

 

Topography of PA66 fibers was studied by Field-Emission 

Scanning Electron Microscopy using a JEOL JSM-5000 SEM. 

All samples were Au coated prior to SEM observation.  

Observations were carried out at 10 kV working voltage.  

 

3. PA 6.6 knitted fabrics caffeine impregnation procedure 

 

Samples were cut in rectangular pieces of (11.6×6.0) cm
2
, 

weighing about 1.90 g, and placed in thermo-jacked 

compartments. Impregnation of PA66 samples was carried out 

by immersion in 50 mL of 1% caffeine in distilled water 

solution, during 10 min with continuous shaking at 90 r.p.m. 

Following, PA66 samples were submitted to a double padding 

process, and, by means of sample weight measurement, 

impregnation percentage is determined. Finally they were 

dried in an oven during 24 hours at 37ºC. The samples were 

weighed before and after the impregnation process to calculate 

the amount of caffeine in the fibers and the impregnation ratio. 

 

Impregnation of the fabrics previously treated by plasma was 

carried out 10 min after plasma treatment to avoid ageing 

process of the sample and a loss of the wetting properties 

achieved with plasma treatment, like observed in previous 

works (Canal, 2004). 

 

4. Drug delivery experiments 

 

Release experiments were performed using PA66 samples 

previously impregnated with caffeine solution. For the drug 

release study, thermo-stabilized vessels were used. Five 

identical cells have been used to have replicates of the 

measurements. They were filled with 300 mL of PBS (pH 7.4) 

and steering rotation and temperature were being maintained 

constant at 25 r.p.m. and 37ºC respectively, during the 8 hours 

of controlled release experiment. Samples were placed on a 

vertical support and totally immerged in the buffer solution.  

 

The receptor compartment had a volume of 300 mL and was 

filled with PBS. 1 mL samples were withdrawn from the 

receptor compartment for a latter spectroscopy analysis that 

will allow determining the quantity of caffeine that has been 

released from the textile materials (Calderó, 1997). After each 

sample withdrawn, the same volume of PBS was added to the 

receptor medium. Sink conditions were kept constant in the 

receptor solution during the experiment. To obtain the release 

profile of each type of fabrics, 4 replicates of each caffeine-

impregnated textile fabric have been studied, together with a 

non-impregnated fabric used as a reference.  

 

For the analysis of the concentration of the drug released, a 

Shimadzu UV-1800 spectrophotometer model was used in 

photometric mode at fixed wavelength. For caffeine 

determination the wavelength was 273 nm, corresponding to 

the maximum pick absorption in the working range of the 

instrument.  

 

III. RESULTS AND DISCUSSION 

 

A. Characterization and plasma effects 

 

A.1. Influence of plasma treatment on contact angle 

 

In order to study the wetting properties of PA66 fabrics, static 

contact angle determinations were carried out on untreated and 

plasma-treated samples. It is important to underline that 

contact angle was measured on the side of the fabric that has 

been directly exposed to the plasma treatment. 

 

Table 1: Water static contact angle of PA66 fabrics 

Type of 

sample 

Time of plasma treatment on the fabric (s) 

0 1.05 1.75 3.5 

Unwashed 
123.05º 122.36º 108.75º 102.22º 

±2.61 ±2.73 ±3.74 ±4.61 

Washed 
88.97º Not measurable 

Very fast water absorption by PA66 ±2.06 
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On the one hand, influence of plasma treatment time on 

industrially-finished PA66 samples was studied. A constant 

decrease of the static contact angle is observed with the 

increase of plasma treatment time to lose a 20.83º between 

untreated fabric and 3.5 seconds-plasma treated fabrics.  

 

On the other hand, in the case of washed PA66 fabrics, it can 

be appreciated that static contact angle of the plasma untreated 

fabrics is 34.08º lower than for unwashed fabrics.  

 

Increasing the plasma treatment time on the washed PA66 

sample, we cannot measure any contact angle due to the fast 

absorption of water droplet by the fibers. Even if it is not 

quantifiable, the lower absorption time of the droplet allows 

concluding that plasma treatment follows increasing the 

wetting properties of washed samples. So washing process and 

plasma treatment can be seen as synergic processes that allows 

the improvement of the wettability of PA66 fabrics.  

 

In previous work, by means of XPS determination, it has been 

determined that the air plasma treatment of polyamide fibers 

increases the proportion of oxygen-containing chemical 

groups on the fiber surface, leading to improved wetting 

properties (Labay, 2012). 

 

A.2. Influence of Plasma on Surface Topography 

 

Scanning electron microscopy was used to study the influence 

of plasma treatment on the topography of the fibers of PA66. 

The images of fibers untreated PA66, presented in Figure 5a, 

show parallel textured multi-filaments with the presence of 

silicon-based textile additives as agglomerates in some regions 

of the surface of the untreated fibers. 

 

 

Figure 5: Influence of plasma treatment on PA66 fiber topography. SEM 

micrographs of unwashed and washed PA66 fabrics. 

 

Plasma treatment achieves the PA66 surface removal of 

softeners used in industrial finishing processes of the PA66 

fabrics. This cleaning of the hydrophobic finishes, by plasma 

etching processes, is related to the increase in hydrophility of 

PA66. 

Clean surface of PA66 fibers can be observed after aqueous 

washing. No topographic modifications at short plasma 

treatment times are detected. In both cases, after 3.5 seconds-

plasma treatment, some damaging can be observed on the 

surface due to the sparks of the corona plasma (Fig. 5c and 

5f). 

 

B. Caffeine impregnation and release from PA66 fabrics 

 

B.1. Impregnation study 

 

Figure 6 shows the impregnation percentage for industrially-

finished and laboratory washed PA66 fabrics as a function of 

the plasma treatment time applied in the pretreatment of the 

fibers.  

 

Figure 6: Impregnation percentage for industrially-finished and laboratory 

washed PA66 fabrics as a function of plasma treatment time. 

  

Fabrics submitted to conventional washing incorporate more 

active principle than industrially-finished samples, essentially 

due to the presence of oil and polysiloxane-based finishing 

products in surface of the PA66 fiber. The washing processes 

allow an increase of 2.3% of impregnation for plasma-

untreated fabrics. 

 

For both types of PA66 fabrics, the increase of plasma 

treatment time progressively reduces the impregnation value 

of caffeine solution added to the fabrics. For both industrially-

finished and laboratory washed PA66 fabrics, impregnation 

percentage diminishes about an 11% between untreated and 

3.5 s-plasma treated fabrics. So, while the plasma treatment 

improves the wetting properties of polyamide fabrics, it does 

not revert in an increase of the incorporation of active 

principle into the fiber. It could be explained by the modified 

electronegativity of the plasma-treated fibers, due to the new 

oxygen moieties in fiber surface after plasma treatment. A 

deeper study with other types of methylxanthines could be a 

possible way to confirm this behavior.  

 

B.2. Caffeine release kinetics 

 

In order to determine if the amount of caffeine released from a 

fabric (%R) could be modified by plasma treatment, release 

experiments were performed from untreated to 3.5 seconds-

plasma-treated PA66 fabrics. 

 

67.16

57.77 59.23
55.67

69.50
64.80

62.50

58.10

0

20

40

60

80

0 3 5 10

Im
p

re
g

n
a

ti
o

n
 %

Number of plasma sequences

Industrially-finished PA 66 Washed PA 66

1.05 1.75 3.5

Plasma treatment time (s)



 

- 5 - 

 

Figure 7: Caffeine release percentage from unwashed PA66 fabrics. 

Influence of corona plasma treatment on caffeine release kinetics. 

 

 

Figure 8: Caffeine release percentage from washed PA66 fabrics. Influence 

of corona plasma treatment on caffeine release kinetics. 

 

The shape of the release kinetics curves of caffeine (Fig. 7 and 

8) confirms that the release mechanism is not affected neither 

by the washing treatment nor by the corona plasma treatment. 

Also it can be observed how the process of washing and 

plasma treatment affect the release kinetics of caffeine. Over 

1.05 s of plasma-treatment time, no significant differences in 

caffeine release percentage are observed for longer plasma 

treatment.  

 

Table 2: Influence of plasma treatment on the caffeine release percentage 

for unwashed and washed PA66 fabrics after 8 hours-release. 

Caffeine release percentage after 8 hours-release 

Plasma treatment 

time (s) 
0 1.05 1.75 3.5 

Unwashed PA66 80.6% 89.1% 87.9% 89.2% 

Washed PA66 87.0% 88.1% 89.7% 91.1% 

 

 

The fabrics previously washed result in fewer differences 

between those plasma untreated and 3.5 seconds-plasma 

treated than unwashed fabrics. This behavior has to be related 

to a surface ablation effect produced by the plasma treatment 

in the case of the PA66 unwashed samples, while in the case 

of washed fabric impurities have been removed by the prior 

washing process. This effect is confirmed comparing the two 

plasma-untreated samples, the unwashed one and the other 

previously laboratory washed that present a difference in 

caffeine release percentage of 6.4%. 

 

Table 2 shows that the release percentage of caffeine for 

plasma treated samples is similar between unwashed and 

washed samples after 8 hours. So as when the plasma-treated 

samples are washed they do not improve results significantly 

up compared to the unwashed and plasma-treated and this 

suggests that the plasma treatment process can replace the 

previous wash. 

 

 

   

Figure 9: Release percentages at the end of the caffeine release experiment 

from PA66 fabrics (8 hours-release) 

 

In figure 9, the difference between the unwashed and plasma-

untreated sample and the washed and untreated-plasma sample 

indicates the specific effect of the washing process on the 

release percentage of caffeine. So, for the washed samples 

with a plasma treatment of 3.5 seconds it can be deducted the 

additional net effect of plasma treatment on the release of 

caffeine, which is of + 4.1%. Therefore, following the same 

reasoning with unwashed samples, it can be deduced of the 

increased release rate of caffeine achieved by plasma 

treatment which part corresponds to a cleaning/ablation effect 

and which part corresponds to the intrinsic contribution of 

plasma treatment. Of the increase of 8.6% between the 

untreated samples and 3.5 seconds-plasma treated samples, 

6.4% corresponds to a surface cleaning effect of the fibers by 

ablation while a 2.2% correspond to the intrinsic effect 

additional plasma, by functionalization of the surface. 

 

Table 3: Initial speed of caffeine released from PA66 fabrics to isotonic 

media at 37.0ºC (mg.L-1.min-1). 

Plasma treatment 

time (s) 

Industrially-finished 

PA66 

(mg.L-1.min-1) 

Washed PA66 

(mg.L-1.min-1) 

Untreated 42.99 53.08 

1.05 53.76 60.02 

1.75 49.33 51.86 

3.5 47.31 50.45 



 

- 6 - 

The initial rates of the release of caffeine (Table 3) 

demonstrate that the washing treatment increased the release 

rate in the same order of magnitude as the unwashed and 1.05 

seconds-plasma treated sample. In all cases, the longer the 

plasma treatment, slower is the initial release of caffeine. 

These data support the discussion around figure 9. 

IV. CONCLUSIONS 

 

In terms of modification of wetting properties by plasma 

treatment, increasing number of plasma sequences produce 

improved wettability (lower contact angle values and water 

absorption time) in PA66. Even if both plasma treatment and 

washing improve the wettability of the PA66 fabrics by 

cleaning the softeners in surface of the fibers, the contact 

angle shows that aqueous washing achieves a bit better 

wettability than plasma treatment.  

 

However, surface modification by plasma technology has the 

advantage of being a dry process avoiding water and energy 

consumption and generation of wastewaters. Plasma 

progressively improves wettability of both materials without 

damaging the surface at short treatment times. Caffeine 

impregnation of washed PA66 fabrics is higher than in 

industrially finished fabrics. A slight decrease of the 

impregnation can be observed with an increase of plasma 

treatment sequences.  

 

It has been shown that washed PA66 achieves higher caffeine 

release after 8 hours than industrially-finished fabrics, and 

subsequent plasma treatment improves release percentage 

from both kinds of materials. According to the shape of the 

release kinetics curves of caffeine, the release mechanism 

from PA66 fabrics is not affected neither by the washing 

treatment nor by the corona plasma treatment. Finally, the 

initial rates of the release of caffeine demonstrate that the 

washing treatment increased the release rate in the same order 

of magnitude as the unwashed and 1.05 seconds-plasma 

treated sample. 
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