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Abstract

Temperature and pH responsive microgel, based on poly-N-isopropylacrylamide and chitosan (PNCS) was
studied, as possible carrier for antimicrobials on cotton fabric, to create smart stimuli responsive antimi-
crobial active textiles. Among antimicrobials 3-(trimethoxysilyl)-propyldimethyloctadecyl ammonium
chloride (Si-QAC) and silver nanoparticles (AgNP) were chosen and applied to cotton fabric subsequent-
ly after the deposition of PNCS microgel. Influence of Si-QAC and AgNP on the swelling/deswelling ac-
tivity of the PNCS microgel was obtained by temperature and pH responsiveness, along with determina-
tion of antimicrobial activity against Staphylococcus aureus and Escherichia coli. Even though Si-QAC
slightly influenced swelling ability of the PNCS microgel and incorporation of AgNP reduced its amount
on the surface of the fibres, PNCS microgel proved to be a suitable carrier of antimicrobial agents, thus
imparting moisture management properties with effective controlled release of Si-QAC and AgNP. This
provided excellent antimicrobial activity against tested bacteria, triggered by the change of temperature

and pH of the surroundings.
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1 Introduction

Surface application of stimuli responsive microgels
offers a great possibility for the creation of smart
textiles, which can in addition to special functional
properties, form a variety of responsive interaction
with the user. Namely, stimuli responsive microgels
have the ability of reverse swelling and de-swelling,
which is triggered by various stimuli coming from
the environment. When in their swollen phase, mi-
crogels show extraordinary absorptivity, absorbing
more than 20% of water based by their dry weight.
Applied on textiles, microgels influence moisture
content as well as air permeability of the fabric,
thus granting controlled thermoregulation proper-
ties. Poly-(N-isopropylacrylamide) (poly-NiPAAm)
is the most extensively investigated synthetic tem-
perature responsive polymer, which displays re-
versible phase transition (hydration-dehydration)

Corresponding author:

Assist. Prof. DrSc Brigita Tomsi¢
Phone: ++386 1 200 3233
E-mail: brigita.tomsic@ntf.uni-lj.si

at lower critical solution temperature (LCST) in
aqueous solution at ~32 °C. When temperature is
below LCST, the polymer is in coil conformation
and is soluble in water. With raising temperature,
sharp coil-to-globule transition occurs at the LCST,
due to the rather complex polarity of the molecule,
hence hydrophobic association is made. Chitosan
is polysaccharide, known by its biocompatibility,
non-toxicity and pH responsiveness. The latter is
based on weak basic moieties (amino groups), at-
tached to a hydrophobic backbone. Upon ioniza-
tion at pH below ~6.5, amino group protonate and
the charge is imparted over the molecule. Coiled
chains extend, responding to electrostatic repul-
sion of the generated charges and increase the vol-
ume of the polymer. With copolymerisation of po-
ly-NiPAAm and chitosan, PNCS hydrogel can be
synthesized, obtaining both pH and temperature
responsiveness [1-3].
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Stimuli responsive microgels show great potential as
carriers of different active substances, such as anti-
microbial agents, which can be released from the
microgel structure into surroundings only at re-
quired controlled conditions [1]. Therefore, the
aim of the research was to study the possibility of
using dual temperature and pH responsive micro-
gel poly(N-isopropylacrylamide)/chitosan (PNCS),
applied on cotton fabric as a carrier of different
antimicrobials, i.e. silver nanoparticles (AgNP)
which act upon controlled release mechanism and
3-(trimethoxysilyl)-propyldimethyloctadecyl am-
monium chloride (Si-QAC), which forms biobar-
rier on the surface of the fibres. Such novel textile
composites would reflect controlled thermo-regu-
lation ability along with controlled antimicrobial
activity, both triggered by the change of tempera-
ture and pH of the surroundings.

2 Experimental

2.1 Materials

In this study, 100 % cotton fabric with 165 g/m? mass
area was used. For preparation of the microgel, chi-
tosan (Chitoclear, Primex (Iceland); DD = 95%, n =
159 mPa) and Poly-NiPAAm, N,N-metylenebisacry-
lamide and ammonium persulfate were used pur-
chased by Sigma Aldrich. Two different antimicrobial
agents were selected: 3-(trimethoxysilyl)-propyld-
imethyloctadecyl ammonium chloride (Si-QAC)
(ABCR, Germany), which is an organosilicon poly-
mer with alkyldimethylammonium side groups and
AgNP nanoparticles, synthesised by using AgNO,
and NaCl (Sigma Aldrich).

2.2 Functional finishing of cotton fabric

PNCS microgel was prepared according to the pro-
cedure described by Lee [4]. Pad-dry-cure proce-
dure was used for the incorporation of PNCS mi-
crogel onto cotton fabric, with 80% wet pick-up.
Samples were dried for 5 min at 80 °C. Using the
same procedure, Si-QAC was subsequently coated
(PNCS+SiQ sample) and cured for 5 minutes at
150 °C. Additionally, in situ synthesis of AgCl nan-
oparticles was obtained on the hydrogel coated cot-
ton (PNCS+Ag sample), as described by Klemenci¢
[5]. For comparison PNCS microgel was applied in-
dividually (PNCS sample), as well as Si-QAC (sam-
ple SiQ) and silver nanoparticles (sample Ag).
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2.3 Analysis and measurements
Morphological changes of unfinished and finished
cotton samples (PNCS, Ag, SiQ, PNCS+SiQ and
PNCS+Ag) were determined by microscopic evalu-
ation using SEM - 6060 LV (JEOL, Japan).
FT-IR spectra were obtained from Spectrum GXT
spectrometer (Perkin Elmer, GB), with ATR cell (re-
flection technique) with diamond crystal. The spec-
tra were recorded over the range 4,000-600 cm-!
and averaged over 28 spectra.
Moisture content measurements was performed on
Moisture analyser MLB-C (Kern, Germany). Sam-
ples were conditioned at 65 % R.H. at two different
temperatures, 25 °C and 40 °C for 24 h, put in the
analyser and dried at temperature of 105 °C until
the constant mass. Moisture content (MC) was de-
termined by following equation 1:
Mc = (e - 100 [9] (1)
mO
where m, [g] is the weight of the sample before dry-
ing and mf [g] is dry weight of the sample. Three
measurements were taken for each sample.

Dual temperature and pH responsiveness of the
studied samples was determined by water uptake
measurements, obtained at three different bufter so-
lutions with pH 3, 6.5 and 10 at two different tem-
peratures of 20 °C and 40 °C. Water uptake (WU)
was determined by equation 2:

WU = (7e=4) 100 [9%] @)
my

where m,, [g] is the weight of the sample after 30

minutes of soaking in buffer solution and md [g] is

the weight of dry sample conditioned for 24 hours

at 20 °C and 65% relative humidity. For each sample

ten measurements were taken.

Antibacterial activity of finished samples was esti-
mated according to ASTM E 2149-01 standard
method against Gram-positive bacteria Staphyloco-
ccus aureus (ATCC 6538) and Gram-negative bac-
teria Escherichia coli (ATCC 25922). Unfinished
cotton fabric was used as a control.

Test with bromophenol blue (BPB) reagent was per-
formed to qualitative evaluate the presence of Si-
QAC antibacterial agent on cotton samples. BPB is
an alkaline dilution of the sodium salt 3’-3”-5-5"-
tetrabromophenolsulfonphtalein. For the BPB test,

Tekstilec, 2016, 59(2), 142-148



144

1 g of sample was immersed in 50 ml of 0.005% BPB
reagent diluted in water and slightly alkalised with a
few drops of a Na,CO, solution. The samples were
stirred vigorously for 20 min, rinsed with cold tap wa-
ter and dried at room temperature. The BPB test was
performed on the samples preconditioned for one
hour at 20 °C and 40 °C. Assessment of the intensity
of blue coloration on the samples was performed by
the reflectance, R, measurements of the dyed samples
on a Datacolor Spectraflash SF 600 Spectrophotome-
ter using D 65/10° light. Before these measurements,
the samples were conditioned at 65 + 2% relative hu-
midity and incubated at 20 + 1 °C for 24 hours. Cor-
responding K/S values were calculated according to
the Kubelka-Munk equation 3:

S 2R

K _(1-R)? 0

where K/S is the ratio of the coefficient of light ab-
sorption (K) to the coefficient of light scattering (S)
and R the reflectance at the maximum absorption
wavelength determined at 610 nm.

3 Results and discussion

3.1 Morphological and chemical properties
Morphological changes on finished samples are
shown in Figure 1. PNCS microgel particles appeared
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in the form of unevenly scattered bulges on the fibre
surface up to ~2 um in size. In the case of SiQ and Ag
samples it can be seen that application of the Si-QAC
smoothened the fibres surface, whereas the Ag nano-
particles could be observed as bright spots. In SEM
pictures of the samples coated with two-component
finish PNCS+SiQ, microgel in the form of lumps was
noticed. Comparing with PNCS microgel applied to
the fabric alone, the lumps were more evenly distrib-
uted, hence the bubbles are in more geometrical
round shapes. Besides, sol-gel film partially closed the
area between the fibres. Both PNCS bulges and AgNP
could be observed on the fibre surface of PNCS+Ag
coated sample. In this case, the microgel particles
were more concentrated on the area between the fi-
bres, thus implying that some of the microgel parti-
cles were removed during in situ synthesis of Ag nan-
oparticles, which included subsequent immersion of
the fabric into AgNO, and NaCl solutions. Neverthe-
less, presence of PNCS microgel particles seemed to
contribute to more even deposition and less size fluc-
tuating of the AgNP.

Chemical properties of studied cotton fabric sam-
ples were studied by IR ATR spectroscopy. The pres-
ence of PNCS microgel in the IR ATR spectra of the
PNCS and PNCS+SiQ samples was confirmed by
appearance of the absorption band at 1450 cm™1, be-
longing to the N-H vibration of both poly-NiPAAm
and chitosan, as well as by the absorption bands of

‘! /:ﬁr' =

Figure 1: Scanning electron microscope images of unfinished cotton (a) and finished cotton samples PNCS (b),

SiQ (c), Ag (d), PNCS+SiQ (e) and PNCS+Ag (f)
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amide I and amide II at 1645 and 1535 cm~!, mani-
fested by C=O stretching vibration of poly-Ni-
PAAm [6, 7]. The intensity of aforementioned ab-
sorption bands was slightly lower in the case of the
PNCS+Ag sample, validating our predictions on
partial removal of the PNCS microgel particles dur-
ing in situ synthesis of AgNP. While the presence of
AgNP had no influence on IR ATR spectra of the
studied samples, which proves that nano sized par-
ticles are not chemically bounded to the fibres and
therefore cannot be detected by FT-IR analysis [5,
6, 8], the presence of the Si-QAC in the IR ATR
spectra of SiQ and PNCS+SiQ samples could be
confirmed from the absorption bands at 2920 and
2850 cm™!, attributed to C-H stretching vibrations
of long alkyl moieties of the antibacterial agent.
Moreover, from the comparison of these IR ATR
spectra, higher intensities of both absorption bands,
i.e. 2920 and 2850 cm™!, could be observed in the
case of the PNCS+SiQ sample, implying that PNCS
microgel influenced higher absorption of the Si-
QAC on the cotton fibres.

2850

3330 2920

Absorbance

4000 3000 1500 1200 400 600

Wavenumber (cm™)

Figure 2: IR ATR spectra of studied cotton samples in
the 4,000-600 cm~! spectral region

a — unfinished cotton sample, b - PNCS, ¢ - SiQ, d -
Ag, e - PNCS+SiQ, f - PNCS+Ag

3.2 Temperature responsiveness

For studying temperature responsiveness of PNCS
microgel, contributed by poly-NiPAAm, moisture
content (MC) and water vapour transmission rate
(WVTR) were measured. All the samples show
greater MC at 25 °C in comparison to that at 40 °C
(Figure 3). Such behaviour was expected, since po-
ly-NiPAAm is in hydrophilic state at 25 °C and mi-
crogel particles bound molecules of water, thus
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16.5% higher MC of the PNCS sample was obtained
as for the unfinished cotton. At 40 °C, microgel par-
ticles were shrunken and water was extracted into
the surroundings, e.g. 2.2% lower MC was deter-
mined. Both antimicrobial agents limited the degree
of swelling of the PNCS microgel, whereas water ab-
sorption was the most effected in the presence of Si-
QAC. The reason lies in hydrophobic behaviour of
Si-QAC, due to the long alkyl chain in its structure,
which can be confirmed by the lowest MC of the
SiQ sample. At 40 °C, PNCS microgel and Si-QAC
worked simultaneously, whereas hydrophobic na-
ture of Si-QAC influenced on increased elimination
of water in comparison to other studied samples.
Therefore, when compared to the unfinished sam-
ple, 6.0% lower MC was determined.
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Figure 3: Moisture content, MC, of the unfinished cot-
ton (UN) and finished studied samples obtained after
preconditioning at 65% R.H. and 25 °C (darker grey
bar) and 40 °C (lighter grey bar)

3.3 Dual temperature- and pH-
responsiveness

By measuring water uptake (WU), dual temperature
and pH responsiveness from poly-NiPAAm and chi-
tosan was studied. At this point, it has to be men-
tioned that a broad range of pH between 3 to 10 was
taken into observation to emphasise the pH respon-
siveness of the PNCS microgel, thus including varia-
ble pH values of human skin surface or sweat, rang-
ing mostly from pH of 4.0 to 7.0, but can increase up
to0 8.0 [9, 10]. It can be seen in Figure 4 that simulta-
neous rising the temperature and pH, caused ower-
all decrease in water absorbance. Thus, at pH 3 and
20 °C, when both poly-NiPAAm and chitosan were
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hydrophilic, allowing microgel particles to swell with-
out restraint, the highest WU was observed in the
case of PNCS sample. On the other hand, the lowest
WU was found at 40 °C and pH 10, when both com-
ponents of the PNCS microgel were in their hydro-
phobic state. Comparison of WU obtained at 20 °C
and pH 10 (i.e. poly-NiPAAm is in hydrophilic and
chitosan in hydrophobic state) with WU determined
at 40 °C and pH 3 (i.e poly-NiPAAm is shrunken and
expels water and chitosan is swelled and bounds wa-
ter), has implied that poly-NiPAAm dominated with-
in the microgel structure and had greater effect on
hydrogel performance than chitosan. Namely, high-
er WU of the finished samples was obtained in
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conditions which dictates hydrophilic nature of poly-
NiPAAm and vice versa, lower WU was determined
in conditions which dictates its hydrophobic nature.

As for the temperature responsiveness, presence of
both antimicrobial agents also influenced on dual-
temperature and pH responsiveness of the micro-
gel. Incorporation of Si-QAC into the PNCS micro-
gel particles hindered swelling properties of the
chitosan. Namely, PNCS+SiQ sample showed op-
posite pH responsiveness as predicted, since small-
er WU was determined at pH 3 when chitosan is
hydrophilic (room temperature), while the highest
absorption was obtained at pH 10 (elevated temper-
ature), when chitosan is in hydrophobic state. Such
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Figure 4: Water uptake, WU, of the unfinished (UN) sample and studied finished samples obtained after being
immersed in different buffer solutions: pH 3 (darker grey bar), pH 6.5 (lighter grey bar) and pH 10 (white bar)
at 20 °C (upper graph) and 40 °C (bottom graph) for 30 min
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behaviour was also obtained in the case of SiQ sam-
ple at both studied temperatures 20 and 40 °C. Ac-
cording to Jones [11] smaller WU can be solely as-
cribed to water-repealing long alkyl moieties of
Si-QAGC, restricting the swelling ability of chitosan
within the PNCS microgel particles. However, in
basic media the quaternary ammonium salts are
generally more susceptible to degradation, reflect-
ing in increased hydrophilicity of the Si-QAC agent
and consequently in increased WU of the SiQ and
PNCS+SiQ samples at pH 10. However, this cannot
be considered as disadvantage, meaning that PNCS
microgel when loaded with Si-QAC has the ability
also to absorb alkaline sweat, which is rare, but aris-
es as a result of disease and thus by administration
of drugs or loss of acidic trough vomiting [10].
Thus, increased WU of PNCS+SiQ sample could
show its suitability for use for medical textiles. As
predicted, in the case of PNCS+Ag sample less in-
tensive dual temperature and pH responsivness was
observed as for PNCS and PNCS+SiQ sample, due
to lower concentration of the microgel particles left
on the surface of the fibers after in situ synthesis of
the Ag nanoparticles.

3.4 Antimicrobial activity

Results of antibacterial properties of the studied sam-
ples are shown in Figure 5. Synergistic activity be-
tween both antimicrobial agents and PNCS microgel
was obtained, since both, PNCS+SiQ and PNCS+Ag
samples showed excellent >99% growth reduction of
Gram negative bacteria E. coli, which was compara-
ble to bacterial reduction obtained for SiQ and Ag
samples. PNCS+SiQ and SiQ samples exhibited also
excellent >99% bacterial reduction of Gram positive
S. aureus while PNCS+Ag sample demonstrated
slightly reduced antibacterial activity, which was in
accordance to that obtain for one-component Ag
sample. This implies that higher concentration of
AgNO, and NaCl reagents should be used for in situ
synthesis of AgNP in order to obtain its biocidal ac-
tivity against both types of tested bacteria.

Successful release of the Si-QAC antimicrobial agent
from the PNCS microgel particles at temperatures
above the LCST of the poly-NiPAAm was further
confirmed with the BPB test, which is based on the
formation of a complex between the BPB reagent
anion and the quaternary ammonium group of Si-
QAC on the surface of the fabric; the formation of
this complex dyes the fabric blue. Therefore, from
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Figure 5: Growth reduction, R, of bacteria E. coli and
S. aureus determined on the studied samples accord-
ing to the ASTM E 2149 - 01 standard method

75 )

60

PNCS+SiQ

UN siQ

Sample
m20°C @40°C

Figure 6: K/S values of BPB test performed on the un-
finished (UN) and SiQ and PNCS+SiQ samples pre-
conditioned at 20 °C and 40 °C

the K/S values the information about the amount of
active quaternary ammonium groups of Si-QAC
present on the coated samples can be obtained [12].
From the results in Figure 6 extremely low K/S val-
ue of the PNCS+SiQ sample can be seen, compara-
ble to that of untreated sample. However, when the
studied samples were exposed to elevated tempera-
ture for one hour, strong increase of the K/S value of
the PNCS+SiQ sample was obtained, indicating the
presence of certain amount of the Si-QAC agent on
the surface of the cotton fabric. Namely at 40 °C
(temperatures above the LCST of poly-NiPAAm)
the PNCS microgel collapsed, thus releasing certain
amount of the Si-QAC into the sourroundings.
Since this test is appropriate only for determination
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of Si-QAC, we assumed that the same behaviour
could be obtained in the case of PNCS+Ag sample.

4 Conclusion

By applying temperature and pH responsive PNCS
microgel in combination with antimicrobial agents
Si-QAC and AgNP, cotton with simultaneous mois-
ture management and antibacterial activity was ob-
tained. Due to its hydrophobic nature, the presence
of Si-QAC restrained swelling of the PNCS micro-
gel particles at room temperature, but contributed
to higher water extraction at 40 °C. On the other
hand, in situ synthesis of AgNP reduced the amount
of PNCS microgel on the fibre surface, but did not
affect swelling ability of the remained PNCS micro-
gel particles. Studied cotton samples exhibited suffi-
cient antibacterial activity, acting through the re-
lease of Si-QAC and AgNP only at controlled and
required conditions, i.e. at elevated temperature,
thus confirming the suitability of the PNCS micro-
gel as a carrier of antimicrobial agents.
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