
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 7
/2

3/
20

25
 6

:4
4:

30
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Development an
aDepartment of Chemistry, Manipal Institu

Higher Education, Manipal, 576104, Ka

manipal.edu
bBiological Sciences Division, Poornapra

Devanahalli, Bengaluru, 562164, Karnataka

Cite this: RSC Adv., 2024, 14, 25669

Received 7th June 2024
Accepted 5th August 2024

DOI: 10.1039/d4ra04173a

rsc.li/rsc-advances

© 2024 The Author(s). Published by
d evaluation of antimicrobial PVC-
grafted polymer for enhanced paint applications

Sonali Gupta,a Yashoda Malgar Puttaiahgowda *a and Ananda Kulalb

Demand for antimicrobial paints is increasing globally due to the rising need to control microbial growth

and reduce infection risks in various environments. This increased demand underscores the crucial role

of advanced antimicrobial coatings in promoting health and safety. In this context, an innovative

poly(vinyl chloride) (PVC) grafted polymer with 1-(2-aminoethyl piperazine) (AEP) was prepared and

studied in detail. In this study, the prepared polymer was characterized using FTIR and NMR

spectroscopy to examine the polymer's chemical structure and employed TGA and DSC for thermal

stability analysis. The antimicrobial activity of the grafted polymer was evaluated through the agar

diffusion method and showed a significant inhibition zone of 21.6 mm for S. aureus, 16.3 mm for E. coli,

18.3 mm for M. smegmatis, and 20.3 mm for C. albicans at a lowest concentration of 12.5 mg mL−1. To

assess surface characteristics, the PVC-g-AEP polymer was mixed with commercial paint and applied to

a glass surface. SEM and AFM analysis showed a 5-times increase in porosity while maintaining visual

aesthetics. Additionally, the paint displayed excellent stability against water, retaining around 90% of its

antimicrobial activity even after 15 washes. This advanced polymer not only exhibits superior

antimicrobial properties but also improves paint durability, setting a new benchmark for high-

performance antimicrobial coatings and significantly advancing protective paint technology.
1. Introduction

A major issue for public health is microbial illnesses; many
ecosystems are home to bacteria, fungi, and algae.1–3 Additional
complexity is introduced by biolm growth on surfaces, which
calls for efficient methods of control and prevention.4 Concerns
about surface microbiome contamination have prompted
intensive studies on antimicrobial coatings (AMCs).5–7 An
encouraging new approach to dealing with biolm-related
issues is the creation of AMCs, which attempt to inhibit the
growth and proliferation of harmful bacteria. The focus is on
surface modication using bioactive compounds. These agents
work by interacting with the microbiome to restrict growth.
Designing surfaces that are impermeable to microbes high-
lights the signicance of logical methods in creating efficient
antibacterial solutions.8–11

Surface biolm growth is a major contributor to the
problem, so there needs to be a way to effectively avoid and
regulate it. Considering the wide variety of technologies avail-
able, antimicrobial coatings (AMCs) have thus become an
important focus of research. Examples of AMC include antibi-
otic nanoparticles, chitosan or quaternary ammonium
te of Technology, Manipal Academy of
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the Royal Society of Chemistry
polymers immobilized for contact activation, and light-
activated molecules such as TiO2.12–14 The main goals of
designing antimicrobial surfaces are to release antibacterial
agents, kill bacteria upon contact, and prevent adherence. A
great way to modify surfaces to create effective anti-adhesive
surfaces is with polymers, thanks to their malleable character-
istics.15 All kinds of industries make use of AMCs, from the
textile16,17 and paint industries18 to healthcare facilities,19 water
purication systems, and food packaging.20 The use of antimi-
crobial paints has recently become an important strategy for
dealing with biolm issues in a variety of settings, including
homes, businesses, and public areas.21

Paint, in a general sense, is a uid substance that solidies
into a cohesive and adherent lm upon thin application to
a surface. This category includes enamels, varnishes, under-
coats, lacquers, and undercoats, among others. In general,
paint formulations comprise a binder or matrix, pigments or
dyes to impart color, extenders to impart additional properties,
and a solvent,22 which may be water-based or organic (solvent-
based).23,24 Approximately 5% of the overall system consists of
supplementary elements, such as cellulose or polymers,
zeolites, bentonites, biocides, defoamers, and additives
including thickeners, surfactants, and plasticizers. An evident
change is noted in the substitution of solvent-based paints with
water-based (latex) paints, which are renowned for their ability
to ll binders.25 An additional method of classifying paints is
according to the binder they contain, which can be organic or
RSC Adv., 2024, 14, 25669–25677 | 25669
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Scheme 1 Schematic representation to obtain PVC-g-AEP polymer.
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inorganic (e.g., natural latexes or synthetic polymers such as
alkyd and acrylic) or sol silicate or silicate paints. Antimicrobial
agents, including quaternary ammonium salts, N-halamine
materials, and acrylics, have been the subject of extensive
research and application in the domain of commercial paint
preparation.26–28

Many studies on the development of antimicrobial paint
have been published. Silicon-based polyurethane lms with
strong antibacterial properties against Escherichia coli were
created by Sauvet et al., in 1995. They created quaternary
ammonium salts (QAS) and hydroxyl groups and synthesized
functional polysiloxanes and show promising antibacterial
activity against E. coli and may nd use in paints, binders,
elastomers, and mastic compound additives.29 To create
contact-active antimicrobial surfaces, Fuchs et al., (2006) used
water-insoluble antimicrobial emulsiers. The emulsiers were
produced by styrene and 4-vinylpyridine anionic copolymeri-
zation, which yielded a block copolymer (PS-b-P4VP). These
contact-active antimicrobial coatings work on a variety of
substrates, including plastics andmetals, and can be used as an
alternative to biocide-releasing coatings. In commercial paints,
the synthesized emulsiers exhibit encouraging promise as
a secure substitute for water-soluble biocides.30 Mukherjee and
colleagues created hydrophobic polycationic coatings designed
to kill airborne E. coli and S. aureus from coughing and sneezing
in 2008. The hydrophobic polycation N-dodecyl, N-methyl-
polyethylenimine was coated on glass, wool, nylon, and poly-
propylene. Coated surfaces were highly effective against S.
aureus and E. coli. Polycation concentration and organic solvent
type affected bactericidal efficiency. Glass slides coated with
50 mg mL−1 polymeric solution were 100% bactericidal. The
painted fabric lost bactericidal action slightly aer repeated
laundry cycles. However, the painted surfaces were poisonous to
mammalian cells, presenting concerns for different applica-
tions.31 Haldar et al.,32 (2014) developed organo-soluble and
water-insoluble polymer pigments from polyethylenimine (PEI)
through the Eschweiler–Clarke reaction and quaternization
with bromoalkanes. A variety of polymers were synthesized,
comprising branched PEIs and linear PEIs. The polymers
demonstrated effective antibacterial and antifungal properties
when tested against a range of pathogens, such as Cryptococcus
spp., Pseudomonas aeruginosa, methicillin-resistant Staphylo-
coccus aureus (MRSA), and Klebsiella pneumoniae. The
25670 | RSC Adv., 2024, 14, 25669–25677
hydrophobic polymers that were synthesized demonstrated
potential as antimicrobial paints for commercial and biomed-
ical purposes. When applied to glass transparencies along with
commercial paint and medical-grade polymer polylactic acid
(PLA), these polymers exhibited 100% activity against E.
coli and S. aureus.32 In the present study, we successfully
synthesized PVC-g-AEP using gra polymerization techniques
and subsequently incorporated this polymer into commercially
available paint formulations. The primary objective was to
evaluate the antimicrobial effectiveness of the modied paint,
providing insights into its potential for enhancing surface
protection against microbial growth.32
2. Experimental
2.1. Materials and methods

1-(2-Aminoethyl)piperazine (AEP) was purchased from Carbanio
company with 99% purity. Piperazine (PZ), triethylamine (TEA),
and polyvinyl chloride (PVC; average molecular weight) were
purchased from Sigma-Aldrich with <99% purity. Tetrahydro-
furan (THF) and water were used as solvents for synthesis and
extraction and used as received. The paintbox was purchased
from a local market in Eshwar Nagar, Manipal, Udupi District,
Karnataka, India.
2.2. Synthesis of PVC-g-AEP polymer

To synthesize PVC graed AEP polymer, 0.01 mol (0.625 g) of
commercially available PVC was dissolved in THF solvent and
0.01 mol (1.3 mL) of AEP was added to the reaction mixture. The
TEA was added to create a basic environment in themixture and
the reaction was stirred for 24 h at 80 °C. The PVC-g-AEP
(Scheme 1) was obtained upon extraction with water and a white
color product was formed which was washed with THF solvent
several times to remove unreacted reactants.
3. Characterizations
3.1. Structural characterization

The FTIR spectrum of PVC-g-AEP polymer was recorded using
Shimadzu-8400S FTIR spectrophotometer in the range of 400–
4000 cm−1. The 1H NMR spectrum was recorded using a Bruker
spectrometer using TMS as an internal reference and solvent-
deuterated DMSO. Using a TA Instruments SDT-Q600, the
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04173a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 7
/2

3/
20

25
 6

:4
4:

30
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
thermal properties of PVC-g-AEP polymer were investigated.
Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) thermograms of the synthesized polymer
were acquired using aluminium trays heated at a rate of 10 °
C min−1 in a nitrogen atmosphere over a temperature range of
25–800 °C. Scanning electron microscopy (SEM) is utilized to
observe the polymer that has been deposited on glass. A
working voltage of 20 kV was used to take scanning electron
microscopy images using a ZEISS EVO MA18 with a variety of
pressure modes. Atomic force microscopy (AFM) is used to
image the topography of materials in their native environments.
AFM images were obtained using Bruker Innova IB342.
Fig. 1 FTIR spectra of PVC, AEP, and PVC-g-AEP polymer.
3.2. Antimicrobial activity

The antimicrobial activity of the PVC–AEP polymer was evalu-
ated using a diffusion assay method against different microor-
ganisms, including Staphylococcus aureus (a Gram-positive
bacterium, strain MTCC 3160), Escherichia coli (a Gram-negative
bacterium, strain MTCC 1687), Mycobacterium smegmatis (a
variant of tuberculosis, strain MTCC 944), and Candida albicans
(a fungus, strain MTCC 7253). The experiment utilized bacterial
and fungal strains obtained from the microbial type culture
collection (MTCC) at the Institute of Microbial Technology in
Chandigarh. These strains were acquired by the Poornaprajna
Institute of Scientic Research in Bengaluru, Karnataka. The
antimicrobial activity was conducted following the procedure
outlined by the Clinical and Laboratory Standards Institute
(CLSI). The zone of inhibition (ZoI) was measured using
a standardized scale.

To assess the antimicrobial properties of the polymer, 100 mL
of bacterial cultures (S. aureus, E. coli, and M. smegmatis) and
fungal culture (C. albicans) were added to nutritional broth
media. The mixtures were then incubated in a shaker incubator
at 37 °C for 12 hours at a speed of 120 rpm. The commercially
available nutrient agar media was prepared and sterilized using
an autoclave. Approximately 30 mL of the molten medium was
then poured into Petri plates inside the laminar airow (LAF)
system aseptically. The plates were le undisturbed for approx-
imately 30 min to allow the medium to solidify. Subsequently,
the 12 h old bacterial and fungal cultures were retrieved from the
shaker incubator and diluted in a series according to the 0.5
McFarland (10−4 times dilution) standard and spread onto
nutrient agar media using a sterile cotton earbuds. The sample
solution was prepared by dissolving a 10 mg polymer sample in
1 mL of THF and 100 mL was taken from the prepared polymer
solution followed by serial dilution to obtain four different
concentrations: 100, 50, 25, and 12.5 mg mL−1. Then 5 mL of each
sample was transferred on a Petriplate containing microbial
lawn at four different places and incubated overnight at 37 °C.
Similarly, cephalothin discs (30 mg per disc) were used as an
antibacterial standard on all three bacterial plates (S. aureus, E.
coli, and M. smegmatis), while 5 mL of uconazole (10 mg mL−1)
was used as an antifungal standard for C. albicans. The THF
solvent was also tested for its antimicrobial activity as a negative
control. The zone of inhibition by each concentration of samples
was measured using a scale and tabulated.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.3. Antimicrobial activity of painted glass slides

Using the method outlined above, the bacterial plates were
prepared. Three sets of glass slides were prepared; set 1: painted
glass slide without polymer; set 2: painted glass slide with
polymer and set 3: painted glass slide with polymer and washed
with water for 15 cycles, all these are tested for their antimi-
crobial activity against C. albicans (fungi), E. coli (Gram-negative
bacteria), and S. aureus (Gram-positive bacteria). The efficacy of
the painted slide with polymer was also determined, for that,
the painted slide with polymer was washed 15 times in Milli-Q
water and aerward tested for antimicrobial activity. To
perform the activity, three different glass slides (one from each
set) were placed on the microbial lawn in different microor-
ganisms and checked for their antimicrobial activity.
4. Results and discussion

The reaction between polyvinyl chloride (PVC) and aminoethyl
piperazine (AEP) involves graing AEP onto the PVC backbone.
Initially, PVC, which is normally inert, is activated through
dehydrochlorination to create reactive sites. These sites then react
with the amine groups of AEP, forming covalent bonds and
effectively graing the AEP onto the PVC chain. This modication
imparts antimicrobial properties to the PVC, making it suitable
for applications where microbial resistance is essential. Imple-
menting piperazine-based polymers for antimicrobial paint
applications on a large scale requires careful consideration of
both costs and processes. The synthesized polymer was charac-
terized for its structural conrmation using FTIR and NMR.
4.1. FTIR analysis

In the FT-IR spectrum of PVC-g-AEP, several key bands are
evident as represented in Fig. 1. These include the CH2 asym-
metric and symmetric stretching bands at 2972 cm−1 and
2883 cm−1, the C–H bending band near Cl at 1215 cm−1, the
C–C stretching range between 1000 and 1100 cm−1, and the
presence of C–Cl gauche bonds in the region covering from 600
RSC Adv., 2024, 14, 25669–25677 | 25671
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Fig. 2 1H-NMR spectra of synthesized polymer, PVC, and AEP.

Fig. 3 TGA thermogram of synthesized PVC-g-AEP polymer.

Table 1 Thermal properties of PVC-g-AEP polymer

Major weight loss
transitions (°C)

Rate of mass
loss (%) T1/2 (°C)

17.98–113.74 8.71 242.92
178.70–268.87 47.22
399.21–492.74 24.17

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 7
/2

3/
20

25
 6

:4
4:

30
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
to 650 cm−1. These evident bands offer valuable information
regarding the molecular structure and bonding attributes of
PVC.33 The bands at 3273 and 3361 cm−1 correspond to amine
stretching frequency and the peak corresponding to C–N
stretching was observed at 1251 cm−1 of AEP. In general, NH in-
plane bending vibrations of amines are detected in the range of
1640–1560 cm−1, and it was observed at 1641 cm−1 in the PVC-g-
AEP spectrum. The broad band around 3328 cm−1 in AEP-g-PVC
corresponds to N–H stretching vibrations and the C–Cl band
disappeared at 1215 cm−1 in the polymer spectrum. This
implies that the polymer has been formed and further
conrmed using 1H-NMR.

4.2. Proton nuclear magnetic resonance spectroscopy (1H-
NMR)

The 1H-NMR spectrum of PVC-g-AEP is depicted in Fig. 2. The
chemical shi observed at d = 2.46 ppm corresponds to the
secondary carbon atom (CH2

1) of the PVC backbone in the
polymer which is evident from the PVC spectrum in which the
peak was observed at d = 2.5–2.1 ppm. In addition, the protons
corresponding to the tertiary carbon atom (CH2) of PVC were
attributed a chemical shi of 4.41 ppm which is similar to 4.6–
4.2 ppm as reported elsewhere.34 The chemical shi found at
d = 4.45 ppm corresponds to the secondary amine (NH3) of AEP
in the polymer which converted from primary amine (NH2

1: d =
1.73 ppm) aer polymer formation. The protons of secondary
carbon atoms of the AEP backbone in the polymer were attrib-
uted at chemical shis 1.32 (CH2

4) and 3.34 (CH2
5) ppm. The

protons of secondary carbon atoms (CH2
6,7) of the piperazine
25672 | RSC Adv., 2024, 14, 25669–25677
ring of AEP were observed at d = 2.33 and 2.67 ppm which was
evident from protons (CH2

4,5) observed in AEP molecule (d =

2.17 and 2.63 ppm). The chemical shi of DMSO solvent
corresponds to d = 2.5 ppm. The NMR observed for the
synthesized compounds conrms the formation of the polymer.

4.3. Thermal analysis

The PVC–AEP thermogram is illustrated in Fig. 3. PVC–AEP
degraded in two stages at 178.70 and 399.21 °C. The initial
phase of weight loss commences at approximately 25 °C,
potentially attributable to the existence of water. The respective
rates of mass loss transitions are determined to be 8.71%,
47.22%, and 24.17% and calculated as per the eqn (1)–(3)
mentioned below. The half-weight loss occurred at a tempera-
ture of 242.92 °C, which corresponds to the polymer's half-
decomposition temperature (T1/2).

Rate of mass loss ðmL1Þ ¼
�
mA1 �mB1

mA1

�
� 100 (1)

Rate of mass loss ðmL1Þ ¼
�
mA2 �mB2

mA1

�
� 100 (2)

Rate of mass loss ðmL1Þ ¼
�
mA3 �mB3

mA1

�
� 100 (3)

Based on the available weight loss data, it can be observed
that the beginning of heat treatment is associated with the
occurrence of weight loss. Table 1 displays three distinct weight
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 DSC thermogram of synthesized polymer.
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losses occurring within different temperature ranges: 17.98 to
113.74 °C, 178.70 to 268.87 °C, and 399.21 to 492.74 °C. Thermal
stability refers to the capacity of a polymeric substance to
endure the effects of heat. Based on the thermogravimetric
analysis (TGA) thermogram, it has been determined that PVC–
AEP has thermal stability up to a temperature of 492.74 °C,
beyond which it undergoes decomposition.

The DSC thermogram of PVC–AEP is given in Fig. 4. When
examining the temperature-dependent behavior of a polymer,
a critical thermal reaction that is of primary importance is the
Fig. 5 The inhibition zones exhibited by synthesized polymer: (a) Candida
and (d)Mycobacterium smegmatis (MS). The cephalothin was used as an a
CA as an antifungal standard. (i–l) Tetrahydrofuran (THF) solvent as cont

© 2024 The Author(s). Published by the Royal Society of Chemistry
glass transition. This transition leads to a transformation from
the state of glass to the rubbery phase. The glass transition
temperature (Tg) of PVC–AEP is observed at 169.38 °C.
4.4. Antimicrobial activity

The synthesized graed polymer demonstrated substantial anti-
microbial activity, with signicant inhibition zones observed
against S. aureus, E. coli, M. smegmatis, and C. albicans. The
diameter of the zone of inhibition was measured for the different
concentrations of PVC-g-AEP against three bacteria and one
fungus are represented in Fig. 5. The amount of inhibition of
microorganisms by 100 mg, 50 mg, 25 mg, and 12.5 mg of PVC-g-AEP
ranged from 18.6 to 24 mm in the case of S. aureus, 16.30 to
19.60mm for E. coli, 16.30 to 18.30mm forM. smegmatis and 17.00
to 23.00 mm for C. albicans. There are no signicant differences
found in the inhibition zone between the low and higher
concentrations of PVC-g-AEP. The results from the set parameters
indicate that even a lower concentration of the polymer can
signicantly inhibit microbial growth. The inhibition shown by
the PVC-g-AEP against the microorganisms is comparable to the
inhibition zone shown by the standards which is in the range of
27–30 mm as shown in Table 2. The results revealed that the
polymer maintained impressive antimicrobial efficacy even at the
lower concentrations. PVC-g-AEP was particularly effective against
S. aureus, showing superior activity compared to the other tested
microorganisms and values are very near to the standards.

The polymer showed excellent activity against all the tested
microbes and the PVC-g-AEP demonstrates strong antimicrobial
activity mainly due to the inclusion of piperazine. The action
albicans (CA), (b) Escherichia coli (EC), (c) Staphylococcus aureus (SA),
ntibacterial standard for (e) EC, (g) SA, and (h) MS and fluconazole for (f)
rol.

RSC Adv., 2024, 14, 25669–25677 | 25673
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Table 2 Antimicrobial assay of PVC-g-AEP polymera

Polymer sample concentration
(mg mL−1)

Zone of inhibition (mm) (mean � SD, n = 3) of different microorganisms

S. aureus E. coli M. smegmatis C. albicans

100 24.00 � 1.0 18.60 � 2.5 16.30 � 0.5 23.00 � 2.0
50 18.60 � 0.5 19.60 � 0.5 18.30 � 0.5 20.60 � 1.5
25 Error 18.60 � 1.5 17.60 � 1.5 17.00 � 1.0
12.5 21.60 � 1.5 16.30 � 0.5 18.30 � 2.5 20.30 � 0.5
CP (30 mg) 27.00 � 0.0 27.60 � 0.5 26.60 � 0.5 —
FL (50 mg) — — — 31.60 � 0.5

a CP: cephalothin antibacterial standard, FL: uconazole is antifungal standard.
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mechanism starts with the polymer attaching to the microbial
cell surface through electrostatic and hydrophobic interactions.
The piperazine groups, which are positively charged, are drawn
to the negatively charged microbial cell membranes, disrupting
them by increasing their uidity and permeability. This
disruption creates pores, leading to the uncontrolled leakage of
intracellular substances such as ions and metabolites. This
leakage disturbs the cell's osmotic balance and depletes
essential nutrients, impairing vital cellular functions and
metabolic processes. As a result, energy depletion occurs,
hindering cellular growth and replication, and ultimately
causing cell lysis and death. The strong interaction between
piperazine and the membrane accounts for the polymer's
broad-spectrum antimicrobial efficacy against various bacteria
and fungi. Further detailed studies at the molecular level could
provide deeper insights into the precise interactions and path-
ways involved in this antimicrobial activity.35–37
Fig. 6 SEM images of PVC-g-AEP polymer.

25674 | RSC Adv., 2024, 14, 25669–25677
4.5. Surface morphology

Fig. 6 depicts the surface morphology of the coated substrate
as investigated using scanning electron microscopy (SEM). The
glass slide was chosen as the substrate for coating, and
a 1.5 cm 1.5 cm glass piece was cut and sonicated in water,
ethanol, and acetone for 15 minutes each. The PVC-g-AEP
polymer sample solution was made by dissolving 10 mg of the
sample in 1 mL of THF solvent and mixing it with commer-
cially available paint (P) in an equimolar ratio. The prepared
mixture (P + S) was coated on a glass slide and kept for drying
at room temperature for 1 week. The results obtained from
SEM analysis showed that the surface became porous in which
polymeric particles were randomly scattered. If certain
compounds, such as antibacterial agents like piperazine
moiety are included in the polymer matrix, the porous struc-
ture might render it possible for them to be released in
a controlled manner.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.6. Surface roughness

An atomic force microscope (AFM) was utilized to ascertain the
surface roughness of the coated glass slides, both with and
without the presence of polymer. When analyzing the surface
topology of a specic area, atomic force microscopy (AFM) was
utilized. Additionally, Root Mean Square (RMS) analysis was
performed to evaluate the surface roughness and measure vari-
ations in the surface's overall texture and topology. Both of these
analyses were carried out with the assistance of Gwyddion so-
ware. To have a better knowledge of the consequent topographies
that develop as a consequence of the porosity of the painted glass
slides with and without polymer, this measurement is highly
benecial. There is an illustration of the porosity of the polymer
sample with paint and paint in Fig. 7(a and b), respectively. The
soware determined that the surface roughness for paint
without polymer was 1.4 nm, while with polymer, the surface
roughness was 7.2 nm. The ndings showed that the RMS
surface roughness increased for paint with polymer samples. The
addition of the antimicrobial polymer to the paint does not affect
its visual and aesthetic properties, such as color, texture, and
nish. Observations using SEM and AFM have shown that the
primary change is an increase in the paint's porosity. This
enhanced porosity can improve the antimicrobial efficacy
without compromising the paint's appearance, ensuring that it
remains visually appealing and marketable to consumers.
4.7. Antimicrobial activity of painted glass slide

The painted glass slide with and without polymer was tested for
its antimicrobial activity against C. albicans (fungi), E. coli (Gram-
negative bacteria), and S. aureus (Gram-positive bacteria). The
efficacy of the painted slide with polymer was also determined,
Fig. 8 The antimicrobial activity of painted glass slide with and without p
slide without polymer; set 2 (P + S): painted glass slide with polymer and
water for 15 cycles, all these are tested for their antimicrobial activity aga
(Gram-positive bacteria).

Fig. 7 AFM images of painted glass slide (a) with polymer and (b) withou

© 2024 The Author(s). Published by the Royal Society of Chemistry
for that, the painted slide with polymer was washed 15 times in
Milli-Q water and aerward tested for antimicrobial activity. To
perform the activity, bacterial and fungal cultures were spread on
agar plates and three different glass slides were taken and placed
on microbial lawns. In Fig. 8, the glass slide P represents
a painted glass slide without polymer, P + S represents a painted
glass slide with polymer whereas washed P + S represents the
glass slide which was washed 15 times in Milli-Q water, dried,
and used for performing the activity.

The results obtained from the experiment show that P + S
exhibited better activity in comparison to P, which means the
synthesized polymer is more effective in preventing the growth
of bacteria in comparison to commercially available paints. The
washed P + S also showed prevention of bacteria and the highest
activity was shown by S. aureus in comparison to other
microbes. Therefore, PVC-g-AEP polymer holds Importance as
a promising material in preventing the growth of bacteria for
antimicrobial paint application.

The product demonstrated excellent antimicrobial activity,
indicating strong potential for commercial applications. While
initial rawmaterial costs are notable, signicant cost reductions
can be achieved through bulk purchasing and sourcing from
alternative suppliers. Effective planning, process optimization,
and strategic sourcing can substantially lower overall produc-
tion costs. The scalability of integrating antimicrobial polymers
like PVC-g-AEP into existing paint production processes is
promising, making large-scale implementation both feasible
and economical. Using antimicrobial polymers such as PVC-g-
AEP in commercial paint production presents numerous prac-
tical applications and scalability opportunities. In healthcare
environments, these antimicrobial paints can be applied to
walls and surfaces in hospitals and clinics to minimize
olymer. Three sets of glass slides were prepared; set 1 (P): painted glass
set 3 (washed P + S): painted glass slide with polymer and washed with
inst C. albicans (fungi), E. coli (Gram-negative bacteria), and S. aureus

t polymer.
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infection risks by preventing the growth of harmful bacteria and
microbes. This is crucial for maintaining sterile conditions in
operating rooms and patient areas. In public settings, including
schools, offices, and public transportation, antimicrobial paints
can enhance hygiene and reduce the spread of pathogens,
particularly in high-contact areas like handrails, doorknobs,
and restrooms. For residential applications, these paints are
benecial in kitchens and bathrooms, where they can prevent
mold and bacterial growth, promoting a healthier home envi-
ronment. The scalability of using antimicrobial polymers in
paint production is promising, as the base material, PVC, is
already commonly used in the paint industry. By integrating
antimicrobial agents into existing production processes with
minimal modications, large-scale implementation can be both
practical and cost-effective.

5. Conclusion

In conclusion, this research underscores the signicance of
antimicrobial materials, particularly in the realm of paint
technology, as a potent tool in safeguarding our surroundings
against microbial threats. The synthesis of the poly(vinyl chlo-
ride) (PVC) graed polymer containing 1-(2-aminoethyl pipera-
zine) (AEP) has been meticulously explored through various
analytical techniques, including FTIR, NMR, and thermal
investigations, elucidating its structural attributes and thermal
stability. The antimicrobial efficacy of the graed polymer,
when incorporated into commercial paint, has been compre-
hensively demonstrated against a spectrum of microbes. The
surface morphology and roughness analyses further highlight
the porous nature of the coated substrate, suggesting potential
controlled release mechanisms. Notably, the painted glass
slides exhibited sustained antimicrobial activity even aer
multiple washes, affirming the resilience and practicality of the
PVC-g-AEP polymer as an antimicrobial paint. This research not
only contributes to the evolving eld of antimicrobial materials
but also positions the synthesized polymer as a promising
candidate for applications in enhancing the antimicrobial
properties of paints, thereby promoting healthier and safer
living environments.

Data availability

The data will be made available upon reasonable request from
the corresponding author.
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