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Experimental conditions were evaluated for each 
method. Grafting was verified by infrared spectros-
copy (FTIR-ATR) and scanning electron micros-
copy as well as its thermal behavior was determined 
through thermogravimetric analysis. Critical pH 
was confirmed by potentiometric titrations finding a 
value of 4.7 for grafted cotton gauzes and their criti-
cal temperature ranging between 31 and 34 °C, which 
was determined by water uptake as function of tem-
perature. The loading and release of norfloxacin were 
tested, finding that grafted gauzes exhibited affinity 
for this drug and it is released under simulated physi-
ological conditions of temperature and pH. Norflox-
acin-loaded gauzes show their efficiency inhibiting 
Escherichia coli and Staphylococcus aureus growth 
in a contaminated environment, at different pH val-
ues. This improvement of cotton gauzes can serve as 
barrier to avoid the formation of biofilm in surgical 
conditions and for wound healing.

Keywords  Cotton gauze · Graft · Gamma 
radiation · AIBN · Methacrylic acid · 
N-isopropylacrylamide · Norfloxacin

Introduction

Cellulose is a polymer of natural origin that plays 
structural roles in plants, and it is the main constituent 
of cotton, representing approximately 90% of its com-
position. The remaining 10% belongs to hydrophobic 

Abstract  The grafting of stimuli-responsive poly-
mers into medical devices to create functional materi-
als has attracted the attention of scientific community. 
The capacity of these polymers to change its con-
formation reversibly as function of variables of the 
environment in which it is applied, is well taken into 
account to create drug delivery systems. Because cot-
ton gauzes are materials of priority use in biomedi-
cal area, and they are susceptible to develop biofilm 
on its surface contaminating skin wounds. This work 
proposes the modification of cotton gauze with a 
dual stimuli-responsive copolymer, composed of two 
monomers such as methacrylic acid and N-isopro-
pylacrylamide, through a grafting copolymerization 
induced by chemical initiator and gamma radiation. 
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impurities such as waxes, pectin, and some proteins 
(Keshipour and Maleki 2019). Cotton cellulose is the 
purest form of cellulose (Rongpipi et  al. 2019). Its 
chemical structure consists of β-1,4-D (+)-glucopyra-
nose rings covalently linked by 1,4-glycosidic bonds, 
generating a large cellulose chain. Each ring has three 
hydroxyl groups (–OH), one primary at C6 and two 
secondary at C2 and C3. This abundance of hydroxyl 
groups and the chain conformation allows a complex 
network of hydrogen bond interactions between and 
inside the cellulose chains as well as with other mol-
ecules. This particularity confers mechanical proper-
ties of cellulose including high stability, as well as 
its high hydrophilicity. Other important properties 
derived from its chemical structure include a high 
surface energy, biodegradability, biocompatibility, 
thermal stability, and chemical reactivity. About this 
last point, it is governed by its supramolecular struc-
ture as well as the hydroxyl groups at C2, C3, and C6 
positions. The hydroxyl group at C6 (primary carbon) 
is ten times more reactive than those on secondary 
carbons following this trend C6 > > C2 ≈ C3 (Bezerra 
et al. 2015). Among other factors that determines this 
reactive behavior and accessibility including cellu-
lose morphology, degree of polymerization, degree of 
crystallinity, purity, and, even, particle size.

Due to the high biocompatibility that this polymer 
exhibits, cellulose-based materials tend to be incor-
porated in biological systems and to be used in the 
evaluation, treatment, increase or replacement of any 
tissue, organ or body function (Vázquez et  al. 2021; 
Hasanin 2022). Among these materials of cellulosic 
origin, cotton gauze stands out because this material 
is primarily used in the biomedical field especially as 
wound dressing derived from skin cuts, burns, ulcers 
or diabetes, amongst any others. Although the bio-
compatibility of this material represents an advan-
tage, it also has problems and limitations. One of 
them is derived precisely from this property, which 
is the facility with which pathogen microorgan-
isms are hosted in their structure causing damage in 
the wound and inducing the healing process and tis-
sue regeneration. Over the years, some studies have 
been carried out to modify this polymer structure 
with functional groups or antimicrobial agents that 
avoids the microbial adhesion or serves as a deliv-
ery system of such agents to fight against frequent 
wound infections (Keshipour and Maleki 2019). The 
progressive advances in the investigations in this 

field, have showed that the modification of medical 
devices, including cotton gauzes, allows to overcome 
mentioned adversities and, even, convert them into 
sophisticated materials with relevant and useful prop-
erties (Li et al. 2015; Sun et al. 2015; Velazco-Medel 
et al. 2020).

One of the more promising approximations is the 
inclusion of polymers with characteristics and prop-
erties different from medical material, through a 
procedure known as graft copolymerization. This 
approach has the main objective to take advantage 
of the properties of original materials and the func-
tional groups grafted to them (Priya James et  al. 
2014; Pino-Ramos et  al. 2017; Velazco-Medel et  al. 
2020). Grafting copolymerization can be achieved 
by two approaches that are “grafting to” and “graft-
ing from”, which are based on the criteria of how the 
polymer chain growth. On the one hand, “grafting to” 
method, a previously formed polymer chain is grafted 
into the matrix. Although it is a useful method, it pre-
sents a great disadvantage which is the very low graft 
density due to the great volume of the rolled chains 
that generates steric hindrance between them (Pino-
Ramos et al. 2018). Alternatively, the “grafting from” 
approach involves the participation of a previously 
activated polymeric matrix and a reactive monomer, 
starting the polymerization in the matrix with sur-
rounding monomer molecules. This method produces 
copolymers with a greater graft density because of 
monomer, by their small size, can access to more 
reactive sites of the matrix.

The basic principle behind graft copolymerization 
is the creation of active sites in the polymeric matrix 
backbone in the form of free radicals. In this way, the 
reaction of a monomer or polymer with an activated 
polymeric matrix will allow the formation of a graft 
copolymer. The creation of those active sites can be 
achieved by using physical or chemical methods, that 
is, by chemical initiators or by an ionizing radiation 
source. In the first case, one of the most used initia-
tors is azobisisobutyronitrile (AIBN) which acts by 
thermal decomposition generating two radicals in 
their structure which reach polymeric matrix and acti-
vates it (Androvič et al. 2016; Kulkarni et al. 2019). 
In the latter case, graft copolymerization includes the 
use of ionizing radiation to create active sites along 
the polymeric matrix, taking advantage of penetrating 
power of this type of sources (Gürdag and Sarmad 
2013; Ramos-Ballesteros et al. 2019). Both methods 
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present their advantages and limitations, providing 
materials with different properties and characteris-
tics, and have successfully proven in the develop-
ment of graft copolymers specially on the synthesis 
of functional materials based on stimuli-responsive 
polymers.

Stimuli-responsive polymers, also known as smart 
polymers, are a relatively novel type of macromole-
cules and their highlight is that they present remark-
able physical or chemical changes in their structure in 
response to little variations in the variables or stimuli 
of their environment (Li et al. 2015; Wei et al. 2017; 
Peponi et al. 2017). Those changes are reflected into 
conformational changes passing from a compressed 
or dehydrated state to a collapsed or hydrated state, 
depending on the type and direction of the stimulus. 
Besides this, it is remarkable that this behavior is 
reversible, which means that, in the absence of such 
stimulus, the smart polymer returns to its original 
conformation. This type of polymers is obtained by 
synthetic methods and included in polymeric matrices 
to obtain versatile materials with response to a vari-
ety of stimuli such as pH, temperature, mechanical 
force, ionic force, the presence of small molecules, 
biomolecules, and, even, electric and magnetic fields 
(Wang et al. 2016; Chakraborty et al. 2018). Due to 
this peculiarity, they have found diverse applications 
in some fields including biology and medicine, to the 
design and development of sensors and biosensors, 
in systems for environmental remediation and, espe-
cially in drug delivery systems (Liechty et  al. 2010; 
Neamtu et  al. 2017; Chatterjee and Chi-leung Hui 
2019). In this field, drugs, or active agents including 
metallic nanoparticles and biomolecules, are loaded 
into the grafted material, which means there is an 
electrostatic interaction between functional groups of 
smart polymer and those of active agent, allowing its 
retention into the graft copolymer. Once that confor-
mational change occurs, retained agent is released to 
the medium, without losing its structure and activity. 
Using this method, researchers have designed some 
drug delivery systems based on these polymers with 
potential application in biomedical field (Camacho-
Cruz et  al. 2021; Bustamante-Torres et  al. 2021; 
López-Saucedo et al. 2022).

On the most studied stimuli-responsive polymers 
for biomedical purposes with response to tempera-
ture is poly(N-isopropylacrylamide) (PNIPAAm). 
PNIPAAm is mainly synthesized by a free radical 

polymerization from its monomer N-isopropy-
lacrylamide (NIPAAm). PNIPAAm is a peculiar 
polymer because it exhibits reversible changes in the 
limit of its hydrated and dehydrated forms during a 
temperature variation belonging to their lower criti-
cal solution temperature (LCST). In the case of this 
polymer, LCST is around 32 °C in aqueous solution, 
which is inside the physiological range (20–35 °C) 
(Crespy and Rossi 2007). Under its LCST, the poly-
mer is on a swollen state, with molecules of water 
retained in its hydrophilic component (C=O), while 
above this value, polymer is dehydrated passing 
to a collapsed state by repulsion of hydrophobic 
component (CH(CH3)2), breaking the hydrophilic/
hydrophobic balance in the structure of the polymer 
network (Zhang and Peppas 2000). This behavior 
is remarkable for drug delivery applications given 
that a drug molecule could be retained in the PNI-
PAAm structure and it could be released when this 
variation occurs. Several reports and review articles 
of the inclusion of this polymer alone or with other 
component into cellulose backbone for drug deliv-
ery approaches have been reported, finding prom-
ising results (Metaxa et  al. 2014; Amalin Kavitha 
et al. 2020; Liang et al. 2020).

Poly (methacrylic acid) (PMAAc) belongs to the 
group of methacrylates, which shows a high hydro-
philicity and a relevant ionization capacity. PMAAc 
is commonly formed by a free radical polymeriza-
tion from its monomer, methacrylic acid (MAAc), 
which is a viscous and colorless liquid, with a pun-
gent odor and miscible in organic solvents, includ-
ing water (Swift 2002). MAAc has two reactive 
sites, the double bonds from C=C of vinyl compo-
nent and C=O carbonyl group, being the first one 
the most reactive and which allows polymerization 
process. In its structure, PMAAc contains carbox-
ylic groups (–COOH), which are responsible of its 
pH-response behavior. That is, at a pH surrounding 
their pKa value (4.8), PMAAc will release the acid 
hydrogen to the medium. This fact will induce the 
conformational variation at a macromolecular level, 
given that, PMAAc will change its compressed 
conformation to an extended due to the repulsion 
of negatives charges (–COO−) generated by depro-
tonation of the polymer. As in the case of PNI-
PAAm, some research articles report the grafting 
of PMAAc onto cellulose backbone for drug load-
ing and release, including one of our research group 
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(Zahran 2006; Lumbreras-Aguayo et  al. 2019; 
Romero-Fierro et al. 2022).

In this work, we propose the one-step grafting 
copolymerization of NIPAAm and MAAc onto cel-
lulose backbone, induced by gamma radiation and 
chemical initiator AIBN, to achieve a thermo- and 
pH-responsive cotton gauze which serves as a drug 
delivery system. Experimental parameters such as 
solvent, concentration of monomers, irradiation dose 
or AIBN quantity, temperature and reaction time, 
were evaluated to determine the optimal conditions 
that guarantees innate properties of cotton gauze and 
included properties. Grafting of both monomers will 
be verified through FTIR-ATR and SEM as well as 
their thermal performance was determined by TGA. 
The pH-response of grafted material was evaluated 
by potentiometric titrations and their thermo-response 
by water uptake tests as function of temperature. 
Loading and release of antimicrobial drug norfloxacin 
was controlled by UV-Vis spectrophotometer. Finally, 
antimicrobial turbidity assays were performed at dif-
ferent pH values (5,7, and 9) showing the effective-
ness of grafted materials as drug delivery system.

Materials and methodology

Materials

Sterile cotton gauzes (unfolded gauze: 20 × 20 cm) 
were purchased from Miyako, Galia Textil, S.A 
de C.V. Tlaxcala, Mexico. Pyrex glass test tubes 
(diameter: 16 mm; height: 170 mm) and glass tubes 
(diameter: 4  mm; height: 120  mm) were used to 
make glass ampoules. Solvents such as distilled 
water, methanol (99.94%), anhydrous ethanol, pro-
panol (99.94%), anhydrous isopropanol, toluene 
(99.5%), and n-hexane (95%) were purchased from 
REPROQUIFIN Reactivos y Productos Quími-
cos Finos, S.A. de C.V. Distilled water was used 
in all experiments. Monomers such as methacrylic 
acid (99%) and N-isopropylacrylamide (97%) were 
obtained from Sigma-Aldrich (St. Louis, United 
States). Norfloxacin (≥ 98% TLC), analytical stand-
ard, MW: 319.33  g/mol from Sigma-Aldrich® (St. 
Louis, United States). A gamma radiation source 
which was a 60Co Gammabeam 651-PT (Nordion 
Ottawa, Ontario Canada Inc., Toronto, ON, Can-
ada) provided by Nuclear Science Institute of the 

National Autonomous University of Mexico (ICN-
UNAM). CG-g-NIPAAm and CG-g-MAAc, used 
as reference in some experiments, were synthesized 
following methodologies reported previously (Jun 
et al. 2001; Romero-Fierro et al. 2022).

Dissection forceps, sterile glass beads, automatic 
micropipette (ThermoScientific™), vortex, incuba-
tor of 35 ± 2 °C, laminar flow hood, autoclave. Tubes 
with brain heart infusion broth (BD Bioxon™). 
Tubes with Luria Bertani LB (BD Bioxon™). Tubes 
with 5 mL of Müeller Hinton broth (BD Bioxon™) 
adjusted to a different pH value (5, 7, and 9). Tubes 
with 9 mL of isotonic saline solution (0.9% NaCl). 
Strains of Escherichia coli ATCC™ 25,922 and 
Staphylococcus aureus ATCC™ 25,923.

Preparation of cotton gauzes

Cotton gauzes were cut into pieces of 10 × 10  cm 
and washed in absolute ethanol under constant stir-
ring. Then washed cotton gauzes were dried under 
vacuum at 50 °C for 12 h. After that, dried gauzes 
were weighed, registering initial weigh of pristine 
material and placed into a glass ampoule until their 
use.

Preparation of monomers and chemical initiator

Methacrylic acid were distilled under reduced pres-
sure to eliminate impurities and inhibitor, and it was 
stored until its use. N-isopropylacrylamide was puri-
fied by recrystallization using toluene and hexane 
in a ratio 2:3.55 g of monomers were dissolved into 
180 mL of toluene under constant agitation. When the 
monomer was completely dissolved, 270 mL of hex-
ane, previously cooled at 4 °C, were added and it was 
placed into a cold water bath to promote recrystalliza-
tion. The recovered solid was filtered and dried in a 
vacuum oven at 30 °C during 12 h and stored under 
refrigeration until their use.

Azobisisobutyronitrile (AIBN) initiator was puri-
fied through recrystallization. 10 g of AIBN were 
dissolved into 200 mL of ethanol at 50  °C, until its 
complete dissolution. To induce recrystallization, this 
dissolution was placed in a water bath. The recrystal-
lized initiator was filtered and dried in a vacuum oven 
at 30 °C during 12 h and stored until their use.
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Grafting of NIPAAm and MAAc in cotton gauzes 
using AIBN as initiator

To graft NIPAAm and MAAc in cotton gauzes using 
AIBN as a free radical polymerization initiator, sev-
eral parameters such as solvent, monomers concentra-
tion, AIBN quantity, reaction temperature and reac-
tion time, were studied. After evaluate all of these 
parameters, it was obtained the following procedure 
and ideal graft conditions. It was prepared an aque-
ous solution of monomers in a molar relationship 
(1:1) and with concentrations of 1 M, adding 10 mg 
of AIBN initiator. Approximately 10 mL of the mono-
meric solution was added to the glass ampoule con-
taining cotton gauzes previously dried and weighed. 
To displace oxygen present in the medium and to 
create inert conditions, ampoule was bubbled with 
argon for 15  min. Glass ampoule was sealed with a 
blowtorch and placed in a water bath at 70 °C for 2 h. 
After that, ampoule was opened and the cotton gauze 
was washed with ethanol under constant stirring 
to remove residues and copolymer PNIPAAm-co-
PMAAc, which was isolated to be used as a refer-
ence in potentiometric titrations. Finally, the sample 
was dried in a vacuum oven at 50 °C for 8 h. The final 
weight was reported, and the grafting percentage 
(GP) was obtained according to the following equa-
tion (Eq. 1):

 where Wg is the final weight of the grafted mate-
rial and W

0
 is the initial weight of the pristine cotton 

gauze.

Grafting of NIPAAm and MAAc in cotton gauzes 
using gamma radiation as initiator

To graft NIPAAm and MAAc monomers in cotton 
gauzes using gamma radiation as free radical polym-
erization initiator, several parameters such as solvent, 
monomers concentration, irradiation dose, reaction 
temperature and reaction time were studied. After 
evaluate all of these parameters, it was designed the 
following procedure based on ideal graft conditions. 
It was prepared an aqueous solution of monomers in a 
molar relationship (1:1) with concentrations of 0.5 M. 

(1)GP =

Wg −W
0

W
0

× 100

Approximately 10 mL of this solution was added to 
the glass ampoule containing previously dried and 
weighed cotton pristine gauze. To create inert reac-
tion conditions, oxygen present in the ampoule is dis-
placed by means of argon bubbling for 15 min. After 
that, glass ampoule was sealed with a blowtorch and 
placed in a water bath at 70 °C for 3 h. Then, ampoule 
was opened and the cotton gauze was washed with 
a mixture of ethanol and water (50/50) under con-
stant stirring to remove residues and copolymer PNI-
PAAm-co-PMAAc, which was isolated to be used 
as a reference in potentiometric titrations. Finally, 
grafted sample was dried in a vacuum oven at 50 °C 
for 8 h. The final weight of the grafted was measured 
and reported, and the GP was obtained by weight dif-
ference following Eq. 1.

Fourier transform infrared spectroscopy with 
attenuated total reflectance (FTIR‑ATR)

Samples of pristine cotton gauze, copolymer PNI-
PAAM-co-PMAAc, CG-g-(NIPAAm/MAAc) 
(AIBN), and CG-g-(NIPAAm/MAAc) (γ) were dried 
during 12 h at 60 °C. Completely dried samples were 
analyzed in a Perkin-Elmer Spectrum 100 Spectro-
photometer with diamond tip from Perkin Elmer 
Cetus Instruments, Norwal, CT, performing 16 scans 
for each one using the ATR modulus.

Scanning electron microscopy (SEM)

Samples of pristine cotton gauze, CG-g-(NIPAAm/
MAAc) (AIBN), and CG-g-(NIPAAm/MAAc) (γ), 
with a dimension of 1 cm2 were dried for 12 h at 
60 °C. These samples were placed into a sample 
holder to the scanning electron microscope SEM 
TM3030Plus Tabletop Microscope from Hitachi, 
Ltd., Japan. Some micrographs with magnitude of 
25× and 50× were taken, with the purpose of seeing 
variations in the morphology of grafted samples.

Thermogravimetric analysis (TGA)

5–10 mg of each sample of pristine cotton gauze, 
PNIPAAm-co-PMAAc, CG-g-(NIPAAm/MAAc) 
(AIBN), and CG-g-(NIPAAm/MAAc) (γ) were 
dried for 12  h at 60 °C. Those samples were placed 
on the platinum tray of the thermogravimetric anal-
ysis equipment TGA Q50 from TA Instruments, 
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United States. Experiments were carried out in the 
temperature range from 38 to 800 °C under nitrogen 
atmosphere.

Acid‑base titrations

20  mg of CG-g-NIPAAm, CG-g-MAAc, CG-
g-(NIPAAm/MAAc) (AIBN), and CG-g-(NIPAAm/
MAAc) (γ) were taken to perform acid-base titrations 
using an aqueous solution of potassium hydroxide 
([KOH] ≈ 0.15  M) as titrant. Titrant was normal-
ized using a potassium hydrogen phthalate solution 
with a concentration of 0.04 M, adding two drops of 
phenolpthalein indicator and the titrant solution was 
titrated until it reached a pale pink coloration in the 
solution. This standardization process was performed 
by triplicate obtaining the titrant concentration.

Cotton gauzes samples were placed into a 250 mL 
beaker and covered with 100 mL of distilled water. 
To acidify media, 3 drops of a hydrochloric solu-
tion ([HCl] = 1 M) were added, adjusting a pH of 2. 
This was performed because the pKa of acid compo-
nent of the graft is approximately 4.8. Titrant solu-
tion was added to a 5 mL glass burette and this solu-
tion is added slowly, drop-by-drop, to the system in 
the beaker which includes the sample, water, and 
hydrochloric acid under constant stirring. pH values 
were recorded using a pH/conductivity meter Orion 
Star A215 from ThermoScientific™, United States 
coupled with a ROSS Ultra pH/ATC Triode Orion 
8157NUMD electrode from ThermoScientific™, 
United States. Titration profiles were plotted using 
OriginPro 2017 software and the end points of each 
profile were determined using first derivative.

Water uptake and determination of LCST

For water uptake, 80 mg of pristine cotton gauze, CG-
g-(NIPAAm/MAAc) (AIBN), and CG-g-(NIPAAm/
MAAc) (γ) were weighed and reported their initial 
weight. Samples were deposited into a glass beaker 
with 10 mL of distilled water and placed in a water 
bath at a controlled temperature of 25 °C. At some 
intervals of time (15, 30, 60, 120, 180, 300, 480, and 
1440  min), samples are extracted from the beaker, 
excess water was removed and weight controls were 
performed by quadruplicate, using Eq. (2), obtaining 
a profile for water retention as function of time.

where Wi is the final weight of the sample at a 
determined time and W

0
 is the initial weight of the 

sample before being immersed in water.
For LCST determination, a similar methodology 

was employed. 80 mg of pristine cotton gauze, CG-
g-(NIPAAm/MAAc) (AIBN), and CG-g-(NIPAAm/
MAAc) (γ) were weighed reporting their initial 
weight. Samples are deposited into a beaker with 10 
mL of distilled water and are placed in a water bath 
during 6 h (maximum water retention value) at tem-
peratures in the range of 24–50 °C, with an interval of 
2 °C between each weight control, using Eq. (2) at 6 h 
after immersed the sample in water. LCST determina-
tion was performed by quadruplicate.

Loading and release of norfloxacin

Loading of antimicrobial drug such as norfloxacin 
into cotton gauzes was performed taking approxi-
mately 50 mg of previously dried pristine cotton 
gauze, CG-g-(NIPAAm/MAAc) (AIBN), and CG-
g-(NIPAAm/MAAc) (γ). Each sample was weighted 
and placed into glass vessels with a capacity of 7 mL, 
and 5 mL of norfloxacin aqueous solution with a con-
centration of 10 µg/mL (A ≈ 1). Glass vessels con-
taining samples and solution are placed in a water 
bath at 25  °C. To evaluate the progressive load and 
to obtain a loading profile, absorbance controls at 
some intervals of time (1, 3, 5, 7, 24, 30, and 48 h) 
was performed. Absorbance measurements were 
carried out using quartz cuvettes with a capacity of 
3.5 mL at 268 nm using water as reference in a UV-
Vis SPECORD® 200 Plus spectrophotometer from 
Analytik Jena AG, Germany.

To achieve a precise determination of concentra-
tion in each absorbance measurement, a calibration 
curve was performed. From norfloxacin stock solution 
(10 µg/mL), some dissolutions were carried out (2, 4, 
5, 6, 8 µg/mL), placed into the quartz cuvettes and the 
absorbance of each solution is measured at 268 nm. 
A calibration curve is obtained relating absorb-
ance and drug concentration. Drug dissolution from 
stock solution and measurements were performed 
by quadruplicate to reduce the error margin and to 
obtain a linear equation with a r2 value of 0,99914; 
(A = 0.09559 + 0.01912 [norfloxacin loaded]).

(2)Water uptake =
Wi −W

0

W
0

× 100
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Release of norfloxacin from loaded cotton gauzes 
was carried out taking previously loaded samples. 
The loaded samples were dried in a vacuum oven at 
30 °C during 18 h. Dried samples were deposited into 
glass vessels with a capacity of 7 mL and 5 mL of a 
phosphate buffer saline (PBS) solution with a pH of 
7.4 were added and placed in a water bath at 37 °C. 
To evaluate the progressive release of norfloxacin 
from loaded gauzes, absorbance measurements were 
performed at some intervals of time (0.5, 1, 1.5, 2, 
3, 4, 6, 8, 24, 30, 48, 72, and 96 h) taking the PBS 
solution as reference and using quartz cuvettes with a 
capacity of 3.5 mL at 268 nm. A UV-Vis SPECORD® 
200 Plus spectrophotometer from Analytik Jena AG, 
Germany was used to absorbance measurements.

To achieve a precise determination of drug 
released concentration at each time interval, a calibra-
tion curve was plotted. From a norfloxacin stock solu-
tion in PBS (2.5  µg/mL; A ≈ 1), some dissolutions 
were carried out (2, 1.5, 1, 0.5, 0.25, and 0.1 µg/mL) 
and their absorbance were measured at 268 nm. Then 
a calibration curve that relates absorbance and drug 
released to the PBS solution was achieved. Dissolu-
tions and measurements were performed by quadru-
plicate to minimize the error margin and to obtain a r2 
value of 0.99949; (A = 0.34531 − 0.01566 [norfloxa-
cin released])

Turbidity tests against pathogens

Media Preparation: The required amount of BD 
Bioxon® brand Hinton Müeller broth was weighed to 
prepare 150 mL of broth according to the manufac-
turer’s instructions. The pH of the medium (5, 7 or 
9) was determined and adjusted with 1.0  M HCl or 
1.0 M NaOH as appropriate. The medium was placed 
in test tubes in 5.0 mL aliquots in each tube, auto-
claved at 121 °C, 15 lb for 15 min. Finally, all tubes 
were maintained in 35 °C incubator for 48  h before 
use.

Strain Preparation: S. aureus ATCC 25,923 and 
E.  coli ATCC 25,922 strains that were preserved in 
ultrafreeze (-70  °C) were activated with brain heart 
broth (BD Bioxon™) and Luria broth (BD Bioxon™) 
respectively, for 24 h. Subsequently, 100 µL of each 
microorganism was taken and placed in the respec-
tive media for 6 h, after which time an aliquot was 
taken with a Pasteur pipette and added dropwise into 

the respective fresh culture medium until the cultures 
were adjusted to Mac Farland’s (MF) 0.5 standard.

Bacterial Concentration: In order to know the 
amount of bacteria in each suspension, their con-
centration was determined by the surface extension 
technique as follows: from the bacterial suspension 
adjusted to 0.5 MF, 6 serial decimal dilutions were 
made in tubes with isotonic saline solution and from 
the last 3 dilutions (10−4, 10−5 and 10−6) 100 µl were 
taken and placed in duplicate on the surface of Hinton 
Müeller agar contained in Petri dishes, the inoculum 
was spread with sterile glass beads and allowed to 
absorb. The boxes were incubated at 35 °C for 24 h. 
At the end of the incubation period, the number of 
colonies was determined, and calculations were made 
to determine the concentration, which was 6.5 × 107 
CFU/mL for E. coli and 2.0 × 107 CFU/mL for S. 
aureus.

Assay: The gauze samples with different treat-
ments were placed with dissection forceps in Hilton 
Müeller broth tubes with different pH in triplicate 
(see diagram), then 200 µL of the bacterial suspen-
sions adjusted to the 0.5 standard of MF were added.

Results and discussion

Synthesis of CG‑g‑(NIPAAm/MAAc) by free radical 
copolymerization using AIBN as initiator

AIBN is an azo-type chemical agent which act as ini-
tiator of free radical polymerization at the moment to 
be thermally decomposed and generate two 2-cyano-
2-propyl radicals. The temperature range at which 
this occurs is 60–80 °C (Clayden et al. 2012). For this 
reason, it is necessary to apply a certain temperature 
to start the copolymerization process. Once gener-
ated radicals, these will act over the cellulose back-
bone, taking the most available proton, which is in 
the hydroxil at C6 from pyranose ring, generating a 
radical in the oxygen atom (Halasa et al. 2013; Kang 
et al. 2015). In the propagation step, this radical will 
reacts with double bond from monomeric units, either 
MAAc and NIPAAm, which will generate a random 
graft copolymer along the cellulose matrix. Termina-
tion stage could be induced by coupling of two grow-
ing chains or by disproportion, taking a proton from 
the other growing chain, obtaining the final graft 
copolymer CG-g-(NIPAAm/MAAc) (AIBN). The 
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proposed mechanism for this process is presented in 
Fig. 1.

Some parameters will influence the grafting 
yield in weight in the copolymerization process of 
MAAc and NIPAAm in cotton gauzes, such as sol-
vent, amount of AIBN, concentration of monomers, 
reaction time, and reaction temperature. Figure  2 
indicates the results for the variation of all of these 
parameters. From these kinetic profiles, we stablished 
the optimal conditions such that there is no affecta-
tion in the apparent mechanical properties of the cot-
ton gauze and to obtain stimuli-responsive character-
istics, which is achieved with grafting percentages 
of around 40%. First, despite AIBN is an oil-soluble 
initiator, with poor solubility in water (Li et al. 2018), 
this is precisely the solvent which is adequate to graft 
both monomers into cotton cellulose (Fig. 2a). Also, 
water is the better solvent to swell the polymeric 
matrix and allow to monomer molecules to reach 
active sites generated by AIBN initiator into the cel-
lulose backbone (Cuissinat and Navard 2006; Fidale 
et  al. 2008). From this, it can be inferred that there 
is a better coupling between initiator, matrix, and sol-
vent in aqueous media, favoring the grafting process, 
and with only a little fraction of AIBN dissolved in 
water is enough to induce copolymerization. This 
second observation is corroborated with the tendency 
relating amount of AIBN and grafting yield, given 
that with all experimented quantities, there is the 
same grafting yield (~ 50%) (Fig.  2b). For the ideal 
temperature (Fig.  2c), it can be noted that at 70 °C 
there is a maximum value of grafting yield, observing 

an abrupt decrease after this temperature. This behav-
ior is attributed to a decrease in the AIBN effectiv-
ity mainly related with the reduction in the stability 
of the radicals generated in the initiator (Bhattacharya 
2004; Li et  al. 2008). For the evaluation of reaction 
time, there is a decrease after 2  h, taking this value 
as the suitable with higher grafting yields. In the case 
of concentration of monomers, an equimolar relation-
ship is preferred in order to graft both monomers in 
the same proportion.

Synthesis of CG‑g‑(NIPAAm/MAAc) by free radical 
copolymerization using gamma radiation as initiator

Gamma radiation induces degradative process in the 
matter exposed to it. In the case of α-cellulose, main 
component of cotton gauze, there are some rupture 
of chemical bonds due to the presence of a great 
amounts of carbon-oxygen and carbon-hydrogen 
covalent bonds. Ionizing gamma radiation produces 
degradation of polysaccharides followed by decom-
position of pyranose ring, by breaking C2–C3 bonds 
and the formation of carboxyl and carbonyl groups 
as well as the formation of hydrogen, carbon diox-
ide, and carbon monoxide. According to Tissot et al., 
at the end of the entire degradative process, there is 
the formation of a radical at carbon 2 (C2) from cel-
lulose (Tissot et  al. 2013). Taking into account the 
degradation of cellulose, to the grafting of MAAc 
and NIPAAm a free radical copolymerization mecha-
nism is proposed. The irradiation of cellulose matrix 
was in presence of oxygen from the air, which reacts 

Fig. 1   Proposed mechanism of free radical copolymerization of NIPAAm and MAAc into cotton gauzes by using AIBN as initiator 
to obtain CG-g-(NIPAAm/MAAc) (AIBN)
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with radicals formed in the polymeric backbone by 
action of radiation. This reaction generates perox-
ides and hydroperoxides, which are highly reactive 
species that thermallydecomposes, producing highly 
reactive radicals. These radicals react with vinyl part 
from MAAc and/or NIPAAm monomer, beginning 
the propagation step. Due to the presence of both 
monomer in the media, this process will random and 
the next monomer could met to another unit of the 
same type or with other different. So, the graft over 
the cellulose backbone will be a random copolymer. 

The termination stage could be done by the meeting 
of two growing chains or by disproportion of one of 
these chains, obtaining the final random graft copol-
ymer CG-g-(NIPAAm/MAAc) (γ). The proposed 
mechanism of this grafting process is showed in the 
Fig. 3.

In the case of the grafting of MAAc and NIPAAm 
into cotton cellulose induced by ionizing gamma 
radiation, some parameters where evaluated including 
solvent, irradiation dose, reaction temperature, reac-
tion time, and concentration of monomers. As in the 

Fig. 2   Evaluation of parameters that influence the grafting 
copolymerization of MAAc and NIPAAm in cotton gauzes by 
using AIBN as initiator. a  Effect of solvents (AIBN: 10  mg, 
Temperature: 70  °C, Time: 2 h, [NIPAAm: MAAc]: 1  M); 
b  AIBN amount (Solvent: water, Temperature: 70 °C, Time: 
2 h, [NIPAAm:MAAc]: 1 M); c Effect of temperature (Solvent: 

water, AIBN: 10  mg, Time: 2 h, [NIPAAm:MAAc]: 1  M); 
d Effect of time (Solvent: water, AIBN: 10 mg, Temperature: 
70 °C, [NIPAAm:MAAc]: 1 M), e Effect of NIPAAm concen-
tration (Solvent: water, AIBN: 10  mg, Temperature: 70  °C, 
Time: 2 h)
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case of AIBN-induced grafting, optimal parameters 
where chose to obtain grafting percentages of around 
40% which ensure good apparent mechanical proper-
ties and stimuli-responsive properties. Figure  4 dis-
plays the results in the variations of those parameters. 
According to Jun et al., a mixture of an alcohol and 
water (1:4) is suitable to graft NIPAAm into cellulose 
(Jun et  al. 2001). But, when this experiments were 
performed it can be noted that despite grafting yield 
is highest for the mixture of methanol and water, only 
NIPAAm component were grafted successfully into 
the matrix, which was verified by FTIR-ATR. This 
pattern is observed in the other mixtures, which does 
not happen with only water. For this reason water is 
chosen as the ideal solvent to graft both monomer.

For the evaluation of ideal irradiation dose, it 
can be demonstrated by observating Fig.  4b that an 
increase in this parameter induces the formation of 
higher grafting yields, due to the formation of more 
actives sites in the cellulose backbone. This indicates 
that this range of dose is good, because above this 
values, irradiated matrix suffers degradation instead 
of grafting. 25 kGy is an ideal dose to graft vinylic 
monomers without damaging properties of cellulose. 
Temperature and reaction times are important param-
eters the appropiate kinetic movement that generates 
greater probabilities of effective collision between 
molecules of monomers and active sites generated 
by gamma radiation depend on them (Takács et  al. 
2005; Ramos-Ballesteros et  al. 2019). As can be 
seen in Fig. 4c, there is an increment in the grafting 
as temperature increases until 70  °C, that is related 

with an excellent thermal decomposition of peroxides 
and hydroperoxides formed on the matrix which will 
reach active sites and forming the graft. This value is 
defined as suitable for grafting purposes. On the other 
hand, Fig. 4d shows the variation of grafting yield as 
function of time (1–5 h). At low reaction times, graft-
ing copolymerization is not favored, while as this 
time is increases there is a greater probability that 
monomer molecules achieve active sites, inducing 
grafting (Chapiro 1977; Bucio and Burillo 2009). It is 
determined that the ideal reaction time is 3 h due to, 
at this time, it is possible to obtain grafting yields that 
do not affect cotton gauze properties. Finally, at the 
same case of grafting by chemical initiator, an equi-
molar concentration is suitable to guarantee the suc-
cessful grafting of both monomer, but concentration 
is lesser than first method because higher concentra-
tions affects flexibility properties of cotton gauze.

FTIR‑ATR​

The analysis of FTIR-ATR vibrational spectra of 
pristine cotton gauze, PNIPAAm-co-PMAAc copol-
ymer, CG-g-(NIPAAm/MAAc) (AIBN), and CG-
g-(NIPAAm/MAAc) (γ) allow to verify the correct 
grafting of MAAc and NIPAAm monomers into cot-
ton gauze. In the Fig.  5a, it is showed the IR spec-
trum of pristine cotton gauze, observing bands asso-
ciated with the –OH stretching of each glucose unit at 
~ 3334 cm−1 and the –CH stretching from glucopyra-
nose ring at ~ 2899  cm−1. Also, at 1053  cm−1 it can 
be seen a band related with the stretching of C–O 

Fig. 3   Proposed mechanism of free radical copolymerization of NIPAAm and MAAc into cotton gauzes by using gamma radiation 
as initiator to obtain CG-g-(NIPAAm/MAAc) (γ)
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bond inside the ring and at 1029 cm−1 the stretching 
of the C1–O–C4 bridge that binds glucose monomeric 
units (Gürdag and Sarmad 2013). The IR spectrum 
of PNIPAAm-co-PMAAc copolymer (Fig. 5b) it can 
be observed characteristics bands related with each 
grafted unit. For NIPAAm component, the spec-
trum exhibited two bands at 1631 and 1540  cm−1 
associated with vibrations of C=O stretching and 

the bending vibration of –NH bond from amide, 
respectively. Furthermore, bands at 2974, 1387, and 
1367  cm−1 were observed, which are related with 
the presence of isopropyl group (–CH(CH3)2), due 
to –CH stretching, and symmetric and asymmetric 
stretchings from this group, respectively (Işıklan and 
Küçükbalcı 2016). For PMAAc component, bands 
at 3282  cm−1 were seen referring to the –OH bond 

Fig. 4   Evaluation of parameters that influences the grafting 
copolymerization of MAAc and NIPAAm in cotton gauzes by 
using gamma radiation as initiator. a Effect of solvents (Dose: 
25  kGy, Temperature: 70  °C, Time: 3  h, [NIPAAm: MAAc]: 
0.5 M); b Effect of dose (Solvent: water, Temperature: 70 °C, 
Time: 3 h, [NIPAAm:MAAc]: 0.5 M); c Effect of temperature 

(Solvent: water, Dose: 25 kGy, Time: 3 h, [NIPAAm:MAAc]: 
0.5 M); d Effect of time (Solvent: water, Dose: 25 kGy, Tem-
perature: 70 °C, [NIPAAm:MAAc]: 0.5  M), (e  Effect of 
NIPAAm concentration (Solvent: water, Dose: 25  kGy, Tem-
perature: 70 °C, Time: 3 h)
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stretching, at 1702  cm−1 appears a band belong-
ing to the C=O stretching and the band showed at 
1458  cm−1 is involved with the bending vibration of 
methyl group –CH3 (Romero-Fierro et al. 2022).

In the case of CG-g-(NIPAAm/MAAc) (AIBN) 
and CG-g-(NIPAAm/MAAc) (γ) spectra (Fig. 5c and 
d), a combination of bands corresponding to cotton 
cellulose and graft copolymer PNIPAAm-co-PMAAc 
were noted. Among the most important bands to high-
light are those belonging to carbonyl group stretch-
ings from both monomers, isopropyl group stretching 
from NIPAAm, carboxylic acid group stretchings, 
and the stretching of glucopyranose bridge, verifying 
the grafting of both monomers and the conservation 
of original vibrational bands from cotton gauze.

Another key factor to determine is the composi-
tion in percentage of each component (MAAc or 
NIPAAm) in the final graft copolymer. This was 
achieved developing FTIR quantification following a 
previously reported method (Othman et al. 2020). For 
that, some FTIR-ATR spectra were collected variating 
the concentration of NIPAAm in the grafting process. 
A linear regression plot relating peak area versus con-
centration of NIPAAm (%) was obtained from the 
characteristic NIPAAm band of around 1631  cm−1, 
corresponding to carbonyl stretching of this monomer 
for the calibration purposes. Calibration curves of 
both methods are exposed in the Supplementary Sec-
tion (S1 and S2). From these figures and following a 

variation of Beer Lambert Law described in the refer-
ence, it was determined that NIPAAm content in the 
final graft is of 10.15% for AIBN-induced grafting 
and 26.51% for gamma radiation-induced grafting, 
taking suitable conditions previously described.

SEM

SEM micrographs with magnifications of 25x and 
50x belonging to pristine cotton gauze and grafted 
cotton gauzes, CG-g-(NIPAAm/MAAc) (AIBN) and 
CG-g-(NIPAAm/MAAc) (γ), are shown in Fig.  6. 
Both magnifications allowed us to observe the mor-
phological change that the cotton gauzes experiment 
showed by the presence of graft. Comparing pristine 
cotton gauze and CG-g-(NIPAAm/MAAc) (AIBN) 
it is possible to observe the occurrence of poly-
mer chains on the surface of grafted cotton gauze, 
clearly differentiated as white pots over the surface. 
Free radicals generated by action of thermal scission 
of chemical initiator AIBN acts over monomers and 
the surface of gauze threads, allowing the grafting 
between them in this zone. Also, a great difference in 
the thread thickness cannot be observed, which indi-
cates that grafting by using chemical initiator gives a 
clear surface graft. On the other hand, the higher pen-
etrating power of ionizing gamma radiation let it to 
reach deeper sites and generate random active sites 
along the cellulose backbone of cotton gauze. This 
is reflected in the micrograph corresponding to CG-
g-(NIPAAm/MAAc) (γ) observing an increase on 
the thickness of the gauze thread, in comparison with 
pristine gauze, being more evident in 25x magnifica-
tion. This fact indicates that grafting process was pro-
duced inside the thread, which is attributed to bulk 
grafting.

TGA​

Thermal behavior and stability of CG-g-(NIPAAm/
MAAc) (AIBN) and CG-g-(NIPAAm/MAAc) 
(γ) where evaluated by their weight loss profile 
in comparison with those of pristine cotton gauze 
and PNIPAAm-co-PMAAc copolymer. Also, these 
profiles allow us to verify the satisfactory graft of 
both monomers into the cellulose backbone by 
comparison between them. Figure  7 shows weight 
loss profiles of analyzed samples and Table  1 
describes the values of degradation temperatures 

Fig. 5   FTIR-ATR Spectra for pristine cotton gauze, PNI-
PAAm-co-PMAAc copolymer, CG-g-(NIPAAm/MAAc) 
(AIBN), and CG-g-(NIPAAm/MAAc) (γ)
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at each stage. Pristine cotton gauze, mainly com-
posed of α-cellulose, exhibits a high thermal stabil-
ity showing a weight loss at 10% at 337  °C and a 
single degradation stage at 374 °C, reflected on an 
abrupt weight loss. This last value is related with 

the glucopyranose ring scission and the liberation 
of some degradation products (Shen and Gu 2009). 
On the other hand, PNIPAAm-co-PMAAc copoly-
mer exhibits lesser thermal stability in compari-
son with the gauze, showing a weight loss at 10% 
at 263  °C. Their thermogravimetric profile shows 
a bi-stage thermal decomposition occurring at 251 
and 417  °C. First stage concerns to the conversion 
of poly(methacrylic acid) into poly(methacrylic 
anhydride) due to the elimination of CO2 (Schild 
1993; Cervantes-Uc et  al. 2006; Tang et  al. 2021). 
The second stage is related to decomposition of the 
pendant group of isopropylacrylamide from PNI-
PAAm (Sousa et  al. 1998; Kotsuchibashi 2020). 
Grafted gauzes display tri-stage decomposition pro-
files including those corresponding to degradation 
of PMAAc, cellulose, and PNIPAAm, previously 
described. Also, observing temperatures of weight 
loss at 10%, it is possible to note that grafting pro-
cess reduces thermal stability of the cotton gauze, 
being more evident this reduction in that gauze 
grafted with AIBN as initiator. Despite this fact, the 
application of grafted gauzes would not be affected 
because it is difficult to achieve those temperatures 

Fig. 6   SEM micrographs at magnifications of 25× and 50× corresponding to pristine cotton gauze, CG-g-(NIPAAm/MAAc) 
(AIBN), and CG-g-(NIPAAm/MAAc) (γ)

Fig. 7   Thermogravimetric profiles of pristine cotton gauze, 
PNIPAAm-co-PMAAc copolymer, CG-g-(NIPAAm/MAAc) 
(γ), and CG-g-(NIPAAm/MAAc) (AIBN)
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in the storage stage of the material and its biomedi-
cal application, where a physiological temperature 
is required.

Determination of critical pH by acid‑base titrations

One of the main properties of stimuli-sensitive poly-
mers is their response to changes in the variables of 
their environment. In this case, one of the compo-
nents of graft into cotton gauze is a pH-responsive 
polymer, the poly (methacrylic acid), at determined 
value of pH, it will liberate acid proton from its pen-
dant group. To evaluate this behavior, potentiometric 
titrations were performed, which profiles are showed 
in Fig. 8 and the equivalence points in Table 2. The 
titration of CG-g-NIPAAm, which was used as a ref-
erence, it can be seen a single equivalence point at 
6.95 referred to the titration of the strong base used as 

titrant ([KOH] = 0.12 M) and the strong acid used to 
acidify the media ([HCl] = 1 M). PNIPAAm does not 
present available acid protons to be liberated and does 
not contribute to the pH-response in the graft copoly-
mer. On the other hand, CG-g-MAAc exhibited three 
equivalence points. The first one occurs near to the 
pKa value of methacrylic acid monomer and their pol-
ymer which is ~ 4.7 (Rojas-Hernández et al. 2015). At 
this value, the polymer will liberate their acids pro-
tons and it will produce a charge repulsion between 
all deprotonated pendant groups, inducing the confor-
mational change by expansion of the polymer chains 
(Swift 2002, 2020; Dai et al. 2008). This equivalence 
point is observed both in CG-g-(NIPAAm/MAAc) 
(AIBN) and CG-g-(NIPAAm/MAAc) (γ), which is 
stablished as the critical pH of the graft copolymer. 
As explained early, the second equivalence point of 
grafted cotton gauzes is attributed to the conventional 
titration between strong base and strong acid. While 
third equivalence point confirms the grafting of acid 
groups in the cellulose backbone which is related 
with the titration of free protons present in the media 
(Bassaid et al. 2008; Bensacia et al. 2015; Wang et al. 
2015). Another important fact that can be observed 
from titration profiles is that reaching the first 
equivalence point is more difficult for cotton gauze 

Table 1   Values obtained by TGA under nitrogen atmos-
phere for temperature of weight loss at 10%, decomposition 
temperatures, and residue at 700  °C of pristine cotton gauze, 

PNIPAAm-co-PMAAc copolymer, CG-g-(NIPAAm/MAAc) 
(AIBN), and CG-g-(NIPAAm/MAAc) (γ)

Sample Temperature of weight loss 
at 10% (°C)

Decomposition temperatures (°C) Residue 
at 700 °C 
(%)

Pristine CG 337.55 374.36 11.74
PNIPAAm-co-PMAAc 263.51 251.18 417.38 2.13
CG-g-(NIPAAm/MAAc) (AIBN) 277.16 234.80 367.50 403.91 13.66
CG-g-(NIPAAm/MAAc) (γ) 241.50 238.73 370.01 386.63 6.43

Fig. 8   Potentiometric titration profiles for CG-g-MAAc, 
CG-g-NIPAAm, CG-g-(NIPAAm/MAAc) (AIBN) and CG-
g-(NIPAAm/MAAc) (γ)

Table 2   Equivalence points obtained by means of first deriva-
tive of potentiometric titration profiles at 25  °C of CG-g-NI-
PAAm, CG-g-MAAc, CG-g-(NIPAAm/MAAc) (AIBN), and 
CG-g-(NIPAAm/MAAc) (γ)

Sample Equivalence points

CG-g-NIPAAm 6.95
CG-g-MAAc 4.87 6.91 9.64
CG-g-(NIPAAm/MAAc) (AIBN) 4.73 7.10 9.37
CG-g-(NIPAAm/MAAc) (γ) 4.63 7.01 9.27
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grafted with both monomers in comparison with CG-
g-MAAc, that is, more quantity of titrant is necessary 
to achieve this equivalence. This is principally attrib-
uted to the presence of other functionality such as 
isopropylacrylamide which counteract the repulsion 
from negative electrostatic charges generated by the 
deprotonation of acid component of the graft.

The obtained critical pH (~ 4.7) of grafted cotton 
gauzes obtained by chemical initiator and gamma 
radiation is suitable for biomedical applications given 
that, from this value to more basic values, grafted 
materials will exhibit a pH-response to that variable, 
obtaining a wide spectrum of application.

Water uptake and determination of LCST

One of the ways to determine how much the graft-
ing has modified the properties of cotton gauzes 
is evaluating their water uptake capacity. Cotton 
gauzes are highly hydrophilic materials due to the 
great quantity of O and H atoms present in their 
chemical structure, that is why cotton gauze can 
absorb and retain until 27 times its weight in water. 
Also, cellulose is composed by crystalline and 
amorphous regions, because the amorphous region 
is more predominant and which is responsible of the 
greater water uptake (Djafari Petroudy 2017; Sahu 
and Gupta 2022). As be seen in the Fig. 9, the water 
uptake profiles show that this property is affected by 
the graft of both monomers, which despite to show 
a greater hydrophilicity, they graft preferably in the 

amorphous zone of cellulose matrix (Bhattacharya 
2004). Grafted material still absorbs greater quanti-
ties of water, but pristine cotton gauze is much more 
cognate to water than graft.

Comparing both methods to obtain grafted cot-
ton gauzes, it can be observed that CG-g-(NIPAAm/
MAAc) (AIBN) uptakes lesser quantities of water 
than CG-g-(NIPAAm/MAAc) (γ). This fact can 
be explained taking into account the type of graft 
that each method produces, that is surface grafting, 
for chemical method, and bulk grafting for physi-
cal method, which was determined and corroborated 
by SEM micrographs. In CG-g-(NIPAAm/MAAc) 
(AIBN), the water molecules are retained mainly in 
the surface of the graft and this avoids to those mol-
ecules to penetrate the cellulose matrix. Also, to 
remove water excess, those particles could have been 
removed. While CG-g-(NIPAAm/MAAc) (γ), graft 
was produced inside the thread and, for this reason, 
there is a combination of the action of matrix and 
graft that retains water particles, which were more 
difficult to remove.

In both cases, despite the fact that grafted cotton 
gauzes have lost a little fraction of their water uptake 
capacity, these materials still retain greater quantities 
of water. Furthermore, through these experiments it 
can observed that maximum water uptake occurs at 
6 h, where the tendency lines no longer varies.

Considering the time of the maximum water 
uptake (6  h), experiments of this type were made 
as function of temperature to determine the LCST 
of grafted cotton gauzes, taking into account the 
swelling-deswelling behavior of thermo-responsive 
component (Kaneko et  al. 1999; Fu and Soboyejo 
2010; Li et  al. 2023). Figure  10 exhibits the pro-
files obtained by performing such experiments. At 
a determined temperature, PNIPAAm suffers a vol-
ume phase transition going from a hydrate state with 
expanded structure to a dehydrated state with com-
pressed structure. Pristine cotton gauze is not able 
to suffer such conformational, observing that there 
is no change along the experiment. However, CG-
g-(NIPAAm/MAAc) (AIBN) and CG-g-(NIPAAm/
MAAc) (γ) show a loss in the water molecules uptake 
capacity as function of temperature, observing an 
abrupt change near to theoretical range reported to 
LCST of PNIPAAm, which is 32–35  °C (Lanzalaco 
and Armelin 2017; Ansari et al. 2022). In this way, by 
deriving water uptakes profiles, it can be deduced that 

Fig. 9   Fitting curves for water uptake profiles as function of 
time of pristine cotton gauze, CG-g-(NIPAAm/MAAc) (γ) and 
CG-g-(NIPAAm/MAAc) (AIBN)
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LCST for CG-g-(NIPAAm/MAAc) (AIBN) is 31 °C 
and 34 ° C for CG-g-(NIPAAm/MAAc) (γ).

The obtained values in this experiment, firstly 
demonstrate that the thermosensitive component was 
successfully grafted in the cotton gauze. A second 
observation indicates that the presence of pH-sensi-
tive component did not induce a relevant displace-
ment in the LCST value reported in the literature. 
Also, those values are useful for biomedical applica-
tions, because from this value, there will be the con-
formational change which is a property of stimuli-
sensitive polymers.

Loading and release of norfloxacin

One of the main factors to be taking into account at 
the moment to load norfloxacin in CG-g-(NIPAAm/
MAAc) (AIBN) and CG-g-(NIPAAm/MAAc) (γ) is 
the temperature at which this process is performed. 
Figure  11 exhibits the results for the evaluation of 
the loading of norfloxacin at two temperatures, 5 and 
25 °C. From this figure, it can be noted a better drug 
loading efficiency at 25 °C, which could be attributed 
to a better diffusion of drug molecules in the system, 
allowing to reach and interact with functional groups 
of graft with relative ease. At 5  °C, drug molecules 
are more restricted in their kinetic movement, hinder-
ing its diffusion (Li and Yang 2015). For this reason, 
it is determined that 25 °C is the suitable temperature 

of norfloxacin loading into the grafted cotton gauzes, 
being suitable because it is room temperature.

Figure 12 shows the loading profile for norfloxacin 
loading in grafted cotton gauzes and pristine gauze. 
As it could be expected, pristine cotton gauze is not 
a suitable drug carrier, loading only a very little frac-
tion of norfloxacin molecules due to that probably 
there are some weak interactions between matrix 
and drug, which are not relevant or significant. How-
ever, in the case of grafted cotton gauzes, a bounded 
exponential loading tendency can be observed, that 
begin to be constant since 24 h of exposition of mate-
rial with norfloxacin solution, achieving a maximum 
loading tendency at 48  h. A bounded exponential 

Fig. 10   Fitting curves for water retention profiles as function 
of temperature to determination of LCST of CG-g-(NIPAAm/
MAAc) (γ) and CG-g-(NIPAAm/MAAc) (AIBN) in compari-
son with pristine cotton gauze

Fig. 11   Loading of norfloxacin in grafted cotton gauzes as 
function of temperature (5 and 25 °C)

Fig. 12   Bounded exponential fitting curves of profiles for nor-
floxacin loading in grafted cotton gauzes as function of time in 
comparison with pristine cotton gauze
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fitting indicates a fast capture of norfloxacin mol-
ecules and a rapid interaction of these with the graft, 
achieving a bound where there is no more capture of 
molecules. This loading capacity is attributed to the 
electrostatic interactions between drug and graft (Li 
and Yang 2015; Wells et al. 2019). Furthermore, this 
grafted materials can retain until approximately 800 
micrograms per gram of material, which is highly 
attributed to the diffusion capacity of norfloxacin. 
Another important observation is that it is indiffer-
ent the grafting method to obtain modified materials, 
that is, both materials are suitable drug carriers under 
this reported conditions. Complementing this obser-
vation with the information provided by SEM, CG-
g-(NIPAAm/MAAc) (AIBN) can retain drug mol-
ecules on its surface while CG-g-(NIPAAm/MAAc) 
(γ) on the bulk.

Releasing of norfloxacin loaded on cotton gauzes 
was performed during 48 h trying to emulate physio-
logical conditions, that is, at 37 °C and in a phosphate 
buffer saline (PBS) solution with a pH of 7.4, and 

under constant agitation. Figure 13 displays norfloxa-
cin releasing profiles for loaded cotton gauzes, under 
afore mentioned conditions. Moreover, Table 3 shows 
the values of drug loading, releasing, and percent-
age of drug released from grafted gauzes. Analyzing 
Fig. 13; Table 3, a comparison between both grafting 
methods can be performed. On one side, pristine cot-
ton gauze, due to its hydrophilic nature, can carry and 
release rapidly, and almost entirely (90%), the drug 
molecules that interacted with its structure. Now, 
CG-g-(NIPAAm/MAAc) (AIBN), release the larg-
est amount of norfloxacin, which makes sense since 
AIBN-induced method developed a surface grafting 
and drug molecules are retained at the surface of the 
copolymer being more available for their release to 
the media. In comparison with this copolymer, CG-
g-(NIPAAm/MAAc) (γ) release lesser quantities of 
norfloxacin. This is because, radiation-induced graft-
ing induces a bulk grafting and drug molecules are 
inside the thread, in the cellulose matrix, making dif-
ficult their release by the greater interactions, related 
with matrix, graft, and drug, that they must overcome.

Releasing profiles where treated with the comple-
ment of Excel, DDSolver complement, which is a tool 
to adjust data coming from those experiments (Zhang 
et  al. 2010). According to fitting statistical param-
eters, norfloxacin releasing profiles follow a Kors-
meyer-Peppas mode drug release mechanism accord-
ing to Eq. 3:

 where fi is fraction of released drug at each time 
interval, Mt is the maximum quantity of drug released 
at determined time t, M

∞
 is the maximum quan-

tity of drug released at the equilibrium, � (known as 
release rate) is a constant that incorporates geometric 
and structural characteristics of drug form, and n is 
the release exponent that indicates the drug release 

(3)f i =
Mt

M
∞

= �tn

Fig. 13   Fitting tendency curves of profiles for norfloxacin 
releasing from grafted cotton gauzes as function of time in 
comparison with pristine cotton gauze

Table 3   Values for loading 
and release of norfloxacin 
from cotton gauzes

Sample Norfloxacin 
loaded (µg/mL)

Norfloxacin 
released (µg/mL)

Percentage of 
drug released 
(%)

Pristine CG 0.51 ± 0.18 0.46 ± 0.03 90.19 ± 7.11
CG-g-(NIPAAm/MAAc) (AIBN) 7.81 ± 0.93 2.11 ± 0.05 27.02 ± 0.68
CG-g-(NIPAAm/MAAc) (γ) 7.83 ± 0.84 1.98 ± 0.04 25.39 ± 0.53
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mechanism (Costa and Sousa Lobo 2001; Bruschi 
2015).

Korsmeyer-Peppas mechanism with an n 
value < 0.5 indicates that drug releasing is governed 
by a Fickian diffusion, that is, there is a predominant 
role of drug diffusion in the media over the relaxa-
tion of polymer chains (Liechty et  al. 2010; Peppas 
and Narasimhan 2014). Drug and the medium where 
it is present will penetrate in a significant way in 
the polymeric matrix. Also, to evaluate the rate at 
which drug is diffused, the values of α are examined, 
observing that CG-g-(NIPAAm/MAAc) (AIBN) 
(α = 1.899 ± 0.042) released drug faster than CG-
g-(NIPAAm/MAAc) (γ) (α = 1.609 ± 0.071), which 
is evident due to the type of grafting that originates 
modified cotton gauzes. Fitting parameters of this 
model to the release profiles are detailed in Table 4.

Antimicrobial activity

Norfloxacin is an antimicrobial drug of the family of 
fluoroquinolone of a broad spectrum, mainly used in 

the treatment of urinary infections, but that has dem-
onstrated a potential application in the healing of skin 
burn wounds (Goldstein 1987; Dua et  al. 2016). Its 
main mode of action is governed by the inhibition 
of the A subunit of the enzyme DNA gyrase, that 
is essential for DNA replication (Goldstein 1987). 
Grafted cotton gauzes loaded with this antimicrobial 
drug has been tested against S. aureus and E. coli 
pathogen microorganisms, which are prevalently pre-
sent in this type of burn wound infections and in the 
biofilm formation into cotton gauzes (Lim et al. 2017; 
Yin et al. 2017; Xiang et al. 2021). This assays were 
developed at different pH values to demonstrate the 
broad range of application of the material due to the 
grafting of pH-responsive polymer. The results of this 
antimicrobial turbidity assays are showed in Fig. 14. 
As can be noted, test tube labeled as (a) in Fig.  14, 
corresponding to pristine cotton gauze, shows grow-
ing of both microorganisms in that medium, which 
indicates that this material is a potential candidate to 
develop biofilm on its surface. Tubes labeled as (b) 
and (c), belonging to CG-g-(NIPAAm/MAAc) (γ) 

Table 4   Values for α and n to from Korsmeyer-Peppas mode 
drug release mechanism and their fitting statistical parameters 
(α: release rate constant; n: release exponent; R2: Pearson cor-

relation coefficient; AIC: Akaike Information Criterion; MSC: 
Model Selection Criterion)

Sample α n R2 AIC MSC

Pristine CG N/A N/A N/A N/A N/A
CG-g-(NIPAAm/MAAc) (AIBN) 1.899 ± 0.042 0.048 ± 0.001 0.960 −19.149 1.109
CG-g-(NIPAAm/MAAc) (γ) 1.609 ± 0.071 0.076 ± 0.010 0.975 −28.466 1.935

Fig. 14   Antimicrobial 
turbidity assays against E. 
coli and S. aureus at differ-
ent pH values (5, 7, and 9) 
for a pristine cotton gauze, 
b CG-g-(NIPAAm/MAAc) 
(γ), c CG-g-(NIPAAm/
MAAc) (AIBN), d CG-
g-(NIPAAm/MAAc) (γ) 
loaded with norfloxacin, 
and e CG-g-(NIPAAm/
MAAc) (AIBN) loaded 
with norfloxacin
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and CG-g-(NIPAAm/MAAc) (AIBN), respectively, 
also exhibits the development of pathogens at differ-
ent pH values, which makes sense since both grafted 
monomers are highly hydrophilic and biocompat-
ible, being able to host microorganisms in their sur-
faces. Also this indicates that the only grafting of 
these stimuli-responsive polymers is not enough to 
achieve a barrier against pathogens. However, in 
the case of tubes labeled as (d) and (e) containing 
CG-g-(NIPAAm/MAAc) (γ) and CG-g-(NIPAAm/
MAAc) (AIBN) both loaded with norfloxacin, can 
eradicate the presence of E. coli and S. aureus pre-
sent in the media, which indicates that the quantities 
of norfloxacin released to the media (2.11 µg/mL 
for CG-g-(NIPAAm/MAAc) (AIBN) and 1.98 µg/
mL CG-g-(NIPAAm/MAAc) (γ) are enough to avoid 
biofilm formation in grafted cotton gauzes. Compar-
ing the results of assays at different pH values, all of 
them show the successful inhibition of E. coli and S. 
aureus. From this results, it is possible to determine 
that grafted cotton gauzes are a suitable intermediate 
to release the necessary amount of antimicrobial drug 
to successfully prevent S. aureus and E. coli growth 
in a highly contaminated environment.

Conclusions

Binary graft copolymerization of MAAc and 
NIPAAm onto cotton gauzes is possible using 
chemical initiator, such as AIBN, and gamma radia-
tion to induce this process. Both methods allow to 
synthesize CG-g-(NIPAAm/MAAc). All experi-
ments have a degree of reproducibility obtaining 
graft of, approximately, 40% in weight. Grafting 
process is performed by a free radical polymeriza-
tion process, being AIBN and gamma radiation 
which induces the generation of active sites along 
the cellulose backbone by which both monomers are 
grafted. By comparing infrared spectra of pristine 
cotton gauze and grafted cotton gauzes, the modifi-
cation was verified by seeing the inclusion of func-
tional groups. Thermogravimetric analysis indicates 
a reduction in the thermal stability in comparison 
with pristine cotton gauze, which is not relevant to 
their package or biomedical application. Also, SEM 
micrographs allow to determine that using AIBN 
as initiator produces a surface grafting while using 
gamma radiation generates bulk grafting. Regarding 

to the physicochemical properties, acid-base poten-
tiometric titrations determinate that grafted materi-
als exhibit a pH response, obtaining a critical pH of 
approximately 4.7, value that opens a broad range of 
application. The graft alters the water uptake capac-
ity of pristine cotton gauze, being those gauzes 
modified using gamma radiation which results more 
affected. However, modified materials still retain 
great quantities of water. Water uptake assays as 
function of temperature proved that grafted cotton 
gauzes exhibit a response to temperature embodied 
into a LCST in the range of 31–34 °C, which is near 
to the physiological temperature (37 °C).

The CG-g-(NIPAAm/MAAc) system is able to 
load the antimicrobial drug norfloxacin achieving 
a maximum load after 48 h of exposition of grafted 
material to drug solution at 25  °C. Release profiles 
reveals that these follow a Korsmeyer-Peppas kinetic 
model, releasing to the medium until approximately 
25% of drug (2.11  µg/mL for CG-g-(NIPAAm/
MAAc) (AIBN) and 1.98 µg/mL for CG-g-(NIPAAm/
MAAc) (γ)). This model indicates that norfloxacin 
release is mainly governed by diffusion mechanisms, 
maintaining drug concentration for 8 h. Antimicrobial 
turbidity assays demonstrate that grafted and loaded 
cotton gauzes can inhibit the growth of pathogens 
such as S. aureus and E. coli in a highly contaminated 
environment which fits surgical conditions. This dual 
modification represents a comparison between syn-
thetic methods and an improvement in the obtaining 
of drug delivery systems acting as barriers to the bio-
film formation in cotton gauzes.
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