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ABSTRACT
In the era of antibiotic resistance, antimicrobial polymers represent state of the art innovation
evolved to fight biofilm-associated infections. In the present study, novel self-disinfecting
polyurethane (PU) catheter materials were developed. Gamma radiation-induced graft copo-
lymerization was used to functionalize PU using acrylic acid-co-glycidyl methacrylate (AAc/
GMA) binary comonomer. The grafted PU, PU-g-(AAc-co-GMA), was subsequently modified by
covalent immobilization of cefepime and/or wet in-situ intermatrix synthesis of ZnO (NPs) to
produce PU-g-(AAc-co-GMA)/cefepime, PU-g-(AA-co-GMA-cefepime/ZnO and PU-g-(AAc-co-
GMA)/ZnO nanocomposites, respectively. Modified polymers were characterized by Fourier
transform infrared spectroscopy (FTIR), energy dispersive X-ray spectroscopy (EDX), X-ray
diffraction (XRD), and scanning electron microscope (SEM). Finally, the antibacterial and anti-
biofilm characteristics were evaluated against five multidrug-resistant (MDR) clinical bacterial
isolates; including Gram-positive and Gram-negative microorganisms. FTIR confirmed the
successful grafting and subsequent immobilization of cefepime. Formation of ZnO was verified
by EDX analysis, while XRD analysis revealed the crystalline nature of ZnO NPs with a size range
of 43–62 nm. Moreover, SEM showed the morphology, particle size and distribution of ZnO NPs
within the prepared nanocomposites. The modified PU catheter nancomposites with or with-
out cefepime showed excellent antibacterial and anti-biofilm characteristics. The prepared
polymeric biocides could be potential candidates in medical care to combat biofilm formation
on biomaterials.
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1. Introduction

The use of central venous catheters (CVC) is indis-
pensable in modern medical practice for managing
critically ill patients. It is used for administration of
chemotherapy and parenteral nutrition solutions,
performing hemodialysis, providing access for extra-
corporeal blood circuits, and monitoring of central
venous pressure (Aloush & Alsaraireh, 2018). In spite
of their crucial role in clinical settings, the catheter
associated infections result in high rates of morbid-
ity and mortality, in addition to the increased cost
(Gominet, Compain, Beloin, & Lebeaux, 2017).
Catheter-related blood stream infections (CRBSIs)
due to central venous catheterization are up to 64
times greater than that due to peripheral venous
catheters (Gahlot, Nigam, Kumar, Yadav, &
Anupurba, 2014). Such infections are initiated by
biofilm formation, where the inert surface of the
intravascular catheters acts as a substratum for
microbial biofilms. CVC gets colonized extralumin-
ally by cutaneous microorganisms in short-term
catheterization (<14 days); intraluminal colonization

from the hub is the main mechanism of infection
with long-term catheterization (Gominet et al.,
2017).

A biofilm is a microbial community in which the
bacteria are embedded in exopolysaccharides, pro-
tein, and extracellular DNA (Ma et al., 2009; Farrag
et al., 2019). Biofilm formation encompasses
sequential steps, starting with an initial attachment
to a surface followed by formation of micro-colony,
giving rise to three-dimensional structures and end-
ing up, after maturation, with detachment to infect
and colonize other parts (Ma et al., 2009; Roy,
Tiwari, Donelli, & Tiwari, 2017). Microbial biofilms
show high resistance to the host defense mechan-
isms as well as to antibiotics (Gominet et al., 2017 ;
Ma et al., 2009; Roy et al., 2017). A promising alter-
native approach to fight microbial infections and
combat antibiotic resistance is to develop antimi-
crobial polymers (Adlhart et al., 2018; K. S. Huang et
al., 2016). Antimicrobial polymers could be either
having the antimicrobials bound to (polymeric bio-
cides) or leaching from (biocide-releasing polymers)
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the polymer, depending on the polymer’s nature
and the processing approach (Adlhart et al., 2018;
K. S. Huang et al., 2016).

Antimicrobial polymers are bioactive causing bacterial
cell death upon contact with their surface. In comparison
to biocide-releasing polymers, they showhigher chemical
stability; long-term activity due to the covalent bonding,
whichguaranteespermanent retentionof thedrugwithin
the cathetermaterial; limited abilities for developing anti-
biotic resistance, as the microorganisms are not exposed
to sub-inhibitory concentrations of biocides; limited resi-
dual toxicity. The used biocides include antibiotics, qua-
ternary ammonium compounds, phenols, iodine ormetal
nanoparticles (NPs) such as silver or zinc (Adlhart et al.,
2018; Tejero et al., 2018; Xue et al., 2015). Radiation-
induced grafting is a simple and efficient technique for
functionalization of polymers through covalent bonding.
Irradiation of polymericmaterial with gamma rays creates
active siteswithin the polymericmaterial facilitatingmod-
ification thereafter. This grafting technique is superior to
the other used techniques, where uniformgrafting occurs
at room temperature, without the need for an initiator or
catalyst (Sun & Chmielewski, 2017).

Nanotechnology is an important tool in modern life
(Yong et al., 2019). In the medical filed specifically, it is a
promising approach for preparing antimicrobial polymers
for tackling antibiotic resistance and biofilm-associated
infections (Beyth, Houri-haddad, Domb, Khan, & Hazan,
2015; Wang, Hu, & Shao, 2017; Yong et al., 2019). In
addition to the unique antimicrobial activity of NPs, they
also enhance the antimicrobial activities of conventional
antibiotics (Smekalova et al., 2016). Furthermore, the anti-
biofilm activity of NPs was also documented (Sikora,
Augustyniak, Cendrowski, Nawrotek, & Mijowska, 2018).

Being safe and cost effective, ZnO NPs are among
the most commonly used NPs (Jiang, Pi, & Cai, 2018;
Siddiqi, Rahman, Husen, & Husen, 2018). They exert
their antimicrobial activity via several mechanisms
including: binding to membranes; disrupting their
potential and integrity, inducing ROS production and
their positive charges enhance destruction of organic
material upon direct contact (Bondarenko et al., 2018;
Mahmoud, Ali, Raafat, Badawy, & Elshahawy, 2018; Sun
et al., 2019). The antimicrobial and antibiofilm activities
of ZnO NPs against Gram-negative bacteria, Gram-
positive bacteria, and fungi was documented (Beyth
et al., 2015; Gunalan, Sivaraj, & Rajendran, 2012; Jiang
et al., 2018; Zvekić, Srdić, Karaman, & Matavulj, 2011),
the antibacterial and antifungal activity of ZnO nano-
composites was also accentuated (Sikora et al., 2018;
Yu et al., 2014). The present study focused mainly on
the synthesis and characterization of a new polymeric
material having both antibacterial and antibiofilm
activities through covalent modification by a broad-

spectrum antibiotic, cefepime, and development of
nanocomposites.

2. Materials & methods

2.1. Test strains, culture conditions, and inoculum
preparation

Five strong biofilm-producing MDR, cefepime-resistant
clinical isolates namely: Pseudomonas aeruginosa,
Klebsiella pneumoniae, Escherichia coli, Serratia marces-
cens, and MRSA; previously isolated from the catheter
tips of CVC collected from burn and oncology patients
at an Egyptian tertiary care university hospital during
2015.

Their antibiogram was performed using the VITEK® 2
system (Biomerieux) and classified asMDR (Magiorakos et
al., 2011). Cefoxitin disk diffusion test was further used to
confirm MRSA (Sharp, Warren, & Thomson, 2005). Their
ability for in-vitro biofilm formation was assessed by the
crystal violet microtiter plate assay (Stepanović, Vuković,
Dakić, Savić, & Švabić-Vlahović, 2000). Bacterial suspen-
sions in phosphate buffered saline, adjusted to a turbidity
equivalent to 0.5 McFarland standards (~108 CFU/ml)
were used to test the antibiofilm capacity of functiona-
lized catheter material. All experiments in this study were
conducted in accordancewith and approval of the ethical
committee at the Faculty of Pharmacy, Cairo University
(MI-1082).

2.2. Gamma radiation-induced graft
copolymerization of (acrylic acid/glycidyl
methacrylate) binary comonomer onto
polyurethane

Polyurethane (PU) catheter (Amecath, Egypt) segments
were functionalized by acrylic acid/glycidyl methacrylate
(AAc/GMA, purity 99%, Sigma Aldrich, Germany) binary
comonomer using gamma radiation-induced graft copo-
lymerization via the mutual method (Sun & Chmielewski,
2017) with minor modifications. Briefly, PU segments
were washed with acetone, dried at 50°C under reduced
pressure, and their total weight was determined.
Segments were then immersed in either 10% or 20% V/
V (AAc/GMA) comonomer mixture using different sol-
vents (acetone, ethyl acetate, or methanol) and then
exposed to irradiation doses of 10, 20, or 30 kGy, at a
dose rate of 4.62 kGy/h (Co60- 4000-A-India, NCRRT, EAEA,
Egypt) in sealed glass ampoules. After grafting, the PU
segments were washed thoroughly with acetone to
remove excess poly AAc or poly GMA homo/copolymers,
dried under reduced pressure, their total weight was re-
determined, and the degree of grafting (DG, wt%) was
calculated (Sun & Chmielewski, 2017).
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2.3. Modification of radiation-functionalized PU
(PU-g-(AAc-co-GMA) with ZnO and/or cefepime

2.3.1. Modification of PU-g-(AAc-co-GMA) graft
copolymer with ZnO nanoparticles and the
preparation of nanocomposite
Nanocomposites were prepared using the wet in-
situ intermatrix synthesis method (Y. Guo et al.,
2019; Y., 2019; Ruiz, Macanás, Muñoz, & Muraviev,
2011). Briefly, ZnO NPs were prepared within PU-g-
(AAc-co-GMA) using ZnCl2 (El-Gomhouria Co., Egypt)
and NaOH as precursors. In this method, the graft
copolymer PU-g-(AAc-co-GMA) was immersed in a
0.5 M ZnCl2 under constant stirring at room tem-
perature for 24 h, the Zn chelated PU-g-(AAc-co-
GMA) segments were then removed out, washed
thoroughly with double distilled water, and subse-
quently immersed in 1.00 M NaOH for 2 h at room
temperature. The treated catheter segments PU-g-
(AAc-co-GMA)-ZnO were then washed, dried and re-
weighed.

2.3.2. Modification of graft copolymer with
cefepime
Modification of the radiation grafted copolymer, PU-g-
(AAc-co-GMA), was performed via the ring opening
reaction with cefepime (NODCAR, Egypt), this was per-
formed through refluxing with a super saturated solu-
tion of cefepime in methanol at 45°C for 1.5 h, the
treated catheter segments were then washed, dried,
and re-weighed (Farrag et al., 2014).

2.3.3. Modification of graft copolymer with
cefepime and ZnO
The previously prepared cefepime-modified copoly-
mer (PU-g-(AAc-co-GMA)-cefepime) was used for the
in-situ incorporation of ZnO NPs as previously men-
tioned using 0.001 M NaOH.

2.4. Characterization of the modified polymeric
material

The functionalization and modification reactions
were investigated by multiple techniques: FTIR
(Jasco 9200 Japan), at a wave number scanning
range of 4000–400cm−1, the microstructure of the
prepared nanocomposite was analyzed by SEM
(JEOL SEM 6450 LV, Japan) (Li et al., 2019). The
nanocomposites were characterized by XRD
(Shimadzu Scientific Instruments, Japan) target
(Cu), 40.0 kV, 30.0 mA, scan range (4.000–90.000),
at a scan speed of 8.0000 (deg/min) (Pan et al.,
2019). Finally, the EDX (Oxford, England – ISIS) was
used to confirm the presence of ZnO NPs within the
polymer matrices.

2.5. Determination of the antimicrobial activity of
the modified polymer

The antimicrobial activity of the modified polymers
(PU-g-(AAc-co-GMA)-cefepime, PU-g-(AAc-co-GMA)-
ZnO, and PU-g-(AAc-co-GMA)-cefepime/ZnO was
tested using inoculated agar plates. Briefly, the mod-
ified polymeric segments (2 mm × 5 mm) were ster-
ilized by rinsing in 70% ethanol and exposure to UV
radiation for 30 min, and were aseptically placed on
the surface of the previously inoculated (0.5
MacFarland) Luria–Bertani (Oxoid, England) agar plates
using virgin PU segments as negative control. The
inoculated media were incubated aerobically at 37°C
for 24–48 h, then examined for agar diffusion and
formation of contact inhibition zones (Siyanbola et
al., 2015). The experiment was repeated three times.
In order to verify the durability of the modified poly-
meric material, the antimicrobial testing was repeated
on modified polymeric segments one year following
their preparation date.

2.6. Detection of the antibiofilm characteristics of
the modified polymeric material

The antibiofilm efficiency of the modified polymeric
segments (PU-g-(AAc-co-GMA)-cefepime, PU-g-(AAc-
co-GMA)-ZnO, and PU-g-(AAc-co-GMA)-cefepime/ZnO
was tested. Briefly, segments (2 mm × 5 mm) were
placed in a heavy microbial suspension (108 CFU/ml)
of the tested strain, and aerobically incubated at 37°C.
Bacterial cultures were replaced continuously every
48 h for a period of 30 days (Farrag et al., 2014). The
extent of in-vitro biofilm formation was assessed every
five days by the spread plate technique (Sanders, 2012)
using unprocessed polymer as a control. The number
of colonies was counted after 24–48 h of incubation at
37°C. All experiments were repeated three times. In
addition, some segments were processed for SEM
imaging.

2.7. Statistical analysis

All data in this study are represented as mean ± SD
of three replicates of identical experiments.
Significant differences between treatments were
determined by Student’s t test using SPSS soft-
ware. Results with P < 0.05 were considered statis-
tically significant.

3. Results

3.1. Optimization factors affecting radiation-
induced graft copolymerization of PU segments

Using the mutual radiation grafting technique, (AAc-
co-GMA), binary comonomer was grafted onto PU
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segments. The highest grafting yield (51.7%) was
achieved at monomers concentration of 20% V/V of
equi-volume of (AAc/GMA) in acetone at a radiation
dose of 20 kGy. At higher monomers concentrations
homopolymerization was observed.

3.2. Modification of graft copolymer with
cefepime, ZnO NPs, or cefepime-ZnO NPs
combination

Cefepime was covalently tethered onto the developed
PU-g-(AAc-co-GMA) via refluxing at 45°C in methanolic
solution of cefepime for 2 h. In-situ intermatrix synth-
esis technique was employed to prepare PU-based
ZnO nanocomposite. ZnO NPs were developed within
cefepime-modified graft polymer by the in-situ inter-
matrix synthesis technique using a lower concentra-
tion (0.001 mol/l) of NaOH in order to maintain the
stability of the graft copolymer, this allowed to immo-
bilize up to 300 mg cefepime and the incorporation of
up to 244 mg ZnO NPs per gram; however, the uptake
of ZnO NPs was increased up to 530 mg/g in presence
of cefepime.

3.3. Characterization of the modified catheter
polymeric material

3.3.1. FTIR analysis of PU, PU-g-(AAc-co-GMA), PU-
g-(AAc-co-GMA)-cefepime, PU-g-(AAc-co-GMA)-
ZnO, and PU-g-(AAc-co-GMA)-cefepime/ZnO
FTIR spectroscopy was employed to follow the pro-
gress of changes in the chemical structure of PU due
to radiation functionalization, as well as the consequent
chemical modification of the graft copolymer using
cefepime and/or ZnO NPs. The FTIR spectra of the
different modified PU segments, with reference to the
pristine PU and cefepime, are shown in (Figure 1). The
characteristic peaks for PU (Figure 1(a)) appeared at

3320 cm−1 due to (–NH–) stretching, two peaks at
2930 and 2800 representing the symmetric and asym-
metric (–CH2–), the peak at 1233 cm−1 due to C–N
stretching of the urethane linkage and the sharp
peak at 1700 corresponds to C = O stretching. In
addition to the PU characteristic peaks, PU-g-(AAc-co-
GMA) spectrum showed the characteristics absorption
peaks of the grafted monomers (Figure 1(b)); there is a
significant increment in the carbonyl bond (C = O)
intensity due to the presence of the new carbonyl
groups of AAc and GMA, there is a broadness of the
band at 3400–3000 cm−1 assigned to – OH within the
–COOH groups of acrylic acid, new peaks appeared at
1169.17, 1111.80 and 1044.31 cm−1 which are attribu-
ted to C–O–C epoxy stretching, in addition to a peak at
915 cm−1 corresponding to CH2–O–CH epoxy due to
bending within GMA. Other peaks at 2855 and
2925 cm−1 attributed to asymmetric and symmetric
stretching vibrations of –CH2 groups. The FTIR spec-
trum of pure cefepime is shown in Figure 1(c). The PU-
g-(AAc-co-GMA)-cefepime FTIR spectrum confirmed the
epoxy group opening by reaction with the functional
group in cefepime (–NH2) and the covalent immobiliza-
tion of cefepime to the radiation grafted PU segments
due to: the disappearance of epoxy ring characteristic
peaks of (C–O–C) in GMA, the extreme broadness
noticed in the absorption peaks at 3300–3500 due to
the appearance of –OH as result of epoxy ring opening
of the GMA and the disappearance of the epoxy ring
characteristic peaks in the range of 1169.17–915 cm−1

(Figure 1(d)). Additionally, FTIR findings verified the
successful development of ZnO NPs within the
modified PU segments by the appearance of the
distinctive absorption band at 534 cm−1, in addition
to other bands in the range of 460–690 cm−1, which
are all typical of the Zn−O stretching vibration,
confirming the formation of the nanocomposites
(Figure 1(e)).

Figure 1. FTIR spectra of: (a) PU, (b) PU-g-(GMA-co-AAc), (c) Cefepime (pure), (d) PU-(GMA-co-AAc)-cefepime, and (e) PU-(GMA-co-AAc)-
cefepime-ZnO.
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3.3.2. EDX analysis of ZnO nanoparticles in PU-g-
(AAc-co-GMA)-ZnO and PU-g-(AAc-co-GMA)-
cefepime/ZnO
EDX analysis confirmed the formation of ZnO in
PU-g-(AAc-co-GMA)-ZnO by the appearance of the
characteristic peaks of both zinc and oxygen
(Figure 2(b)) that were absent in the unprocessed
polymer (Figure 2(a)). The intensity of Zn and O
peaks increased in the presence of cefepime
within PU-g-(AAc-co-GMA)-cefepime/ZnO modified
polymer (Figure 2(c)). The spectra of modified
polymers showed the characteristic peaks for Na,
S, and Ba, which were found normally in the pris-
tine PU, and this verifies the purity of our
processing.

3.3.3. XRD profile of PU-g-(AA-co-GMA)-cefepime/
ZnO
The peak intensity, position, width, and full-width at
half-maximum (FWHM) were determined from the
XRD patterns analysis. The characteristic diffraction
patterns of ZnO developed within cefepime-modi-
fied graft copolymer are shown in Figure 3(b), the
formed ZnO NPs possessed a hexagonal structure
with lattice constant values similar to the reported
values (JCPDS card No. 36–1451). Such peaks were
absent in the spectrum of non-processed polymer
(Figure 3(a)).

3.3.4. Visualization of PU-g-(AA-co-GMA)-ZnO and
PU-g-(AA-co-GMA)-cefepime/ZnO using SEM
SEM micrographs showed spherical-shaped ZnO NPs
with an average size of 43 and 62 nm in PU-g-(AA-co-
GMA)-ZnO and PU-g-(AA-co-GMA)-cefepime/ZnO,
respectively, as shown in Figure 4(b,c). However, virgin
PU showed smooth surface completely free from any
particle (Figure 4(a)). Agglomerated rod-like shaped
NPs with a size range of 50–75 nm were found

unevenly distributed within PU-g-(AA-co-GMA)-cefe-
pime/ZnO (Figure 4(c)).

3.3.5. The antimicrobial activity of PU-g-(AAc-co-
GMA)-cefepime, PU-g-(AAc-co-GMA)-ZnO, and PU-
g-(AAc-co-GMA)-cefepime/ZnO
The radiation-modified PU segments functionalized with
ZnO and/or cefepime were tested for their antibacterial
activity against MDR E. coli, Pseudomonas aeruginosa,
Klebsiella pneumoniae, Serratia marcescens, and MRSA.
No diffusion inhibition zones were observed with any of
the processed materials (Figure 5(a)). PU-g-(AAc-co-
GMA)-ZnO and PU-g-(AAc-co-GMA)-cefepime/ZnO seg-
ments showed contact inhibition zones with all tested
strains, as shown in Figure 5(b); however, PU-g-(AAc-co-
GMA)-cefepime segments failed to achieve complete
inhibition of the growth of both Klebsiella pneumoniae
and MRSA, at the same time, no inhibition zones were
observed with pristine PU. Hetero-resistant subpopula-
tions of Klebsiella pneumoniae and MRSA were observed
with cefepime-modified polymers (Figure 5(b)).

3.3.6. The antibiofilm capacity of PU-g-(AAc-co-
GMA)-cefepime, PU-g-(AAc-co-GMA)-ZnO, and PU-
g-(AAc-co-GMA)-cefepime/ZnO
The antibiofilm capacity of ZnO and/or cefepime-mod-
ified graft copolymer was assessed against the tested
strains by the plate counting technique (Figure 6), and
the results were verified by SEM (Figure 7). SEM micro-
graphs of the pristine polymer showed heavy adherent
growth of E. coli (Figure 7(a)), Serratia marcescens
(Figure 7(e)), and MRSA (Figure 7(i)) embedded in a
cottony appearance exopolymeric material. PU-g-
(AAc-co-GMA)-cefepime caused an initial significant
reduction of adherence (P value <0.05); however, the
growth significantly increased thereafter (P value
<0.001), as shown in Figure 6(a–e) and shown in
Figure 7(b,f,j). On the other hand, PU-g-(AAc-co-
GMA)-ZnO and PU-g-(AAc-co-GMA)-cefepime/ZnO

Figure 2. EDX spectra of (a) virgin PU, (b) PU-(GMA-co-AAc)-
ZnO, and (c) PU-(GMA-co-AAc)-cefepime-ZnO.

Figure 3. X-ray diffraction patterns of (a) PU-(GMA-co-AAc)-
cefepime sheet in comparison with (b) PU-(GMA-co-AAc)-cefe-
pime-ZnO.
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showed almost complete biofilm inhibition as shown
in Figure 7(d,e,g,h,k, and i). SEM micrographs showed
cell morphology deformation and fragmentation with
PU-g-(AAc-co-GMA)-ZnO and PU-g-(AAc-co-GMA)-
cefepime/ZnO in both E. coli and Serratia marcescens
as shown in Figure 7(c,d,gh), respectively.

4. Discussion

The objective of the current study was the synthesis of
antimicrobial polymers with both antibacterial and
antibiofilm characteristics.

The use of binary comonomer system is a route for
functionalizing an inert polymeric substrate by intro-
ducing two function groups of different chemical nat-
ures and behaviors (Sun & Chmielewski, 2017). Using
the mutual radiation grafting technique, (AAc-co-GMA)
binary comonomer was grafted onto PU segments.
Radiation-induced graft copolymerization is a simple,
efficient and initiator free technique to impart vinyl
monomer(s) onto inert polymeric substrate via free
radical mechanism (García-Vargas, González-Chomón,
Magariños, Concheiro, & Carmen Alvarez-Lorenzo,
2014). Optimizing the preparation conditions plays an
important role in enhancing the grafting process of the
comonomer onto the polymeric substrate (García-
Vargas et al., 2014). Previous studies highlighted the
role played by solvents in enhancing the efficiency and
uniformity of the grafting process by facilitating the

diffusion of the monomers to the active sites located
within the polymeric substrate (García-Vargas et al.,
2014). We tested different solvents including: acetone,
ethyl acetate, and methanol; the highest grafting yield
was obtained by using acetone. The dilution of the
monomers in the reaction medium, and the comono-
mer concentration has pronounced influence on the
grafting process (García-Vargas et al., 2014). Two con-
centrations (10% and 20% V/V) of (AAc/GMA) were
tested, the highest grafting yield was achieved by
using 20% V/V of equi-volume of (AAc/GMA). The irra-
diation dose greatly affects the grafting yield, where
the higher the absorbed irradiation dose, the higher
the free radical formed, and the higher grafting
achieved (Sun & Chmielewski, 2017). We tested differ-
ent doses of irradiation (10, 20, or 30 kGy), the highest
grafting yield was achieved by using an irradiation
dose of 20 kGy. Similar studies used gamma radiation
for individual grafting of either GMA or acrylic acid
(AAc) onto polypropylene (PP) sutures (García-Vargas
et al., 2014).

Covalent immobilization of antibiotics within the
polymeric material is one of the state of the art anti-
microbial polymers designed to combat biofilm for-
mation on biomaterial, offering long-term durability
(Xue, Xiao, & Zhang, 2015). These polymers are
contact-active ones that kill bacteria upon contact
(Tejero et al., 2018). Cefepime is a zwitterionic
oxymino β-lactam with an aminothiazole side chain

Figure 4. SEM micrograph of (a) Virgin PU, (b) PU-g-(AAc-co-GMA)-ZnO, and (c) PU-g-(AAc-co-GMA)-cefepime/ZnO.

Figure 5. Antimicrobial activity of Virgin PU (Crl), PU-g-(AAc-co-GMA)-cefepime (Cef), PU-g-(AAc-co-GMA)-ZnO (ZnO), and PU-g-(AAc-
co-GMA)-cefepime/ZnO (Cef/ZnO) against MRSA, following 48 h incubation periods where: (a) Showing no diffusion inhibition zones.
(b)Virgin PU showing no contact inhibition zone, PU-g-(AAc-co-GMA)-cefepime showing contact inhibition zone with heteroresistant
subpopulations, PU-g-(AAc-co-GMA)-ZnO, and PU-g-(AAc-co-GMA)-cefepime/ZnO showing contact inhibition zones.
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that inhibits bacterial cell wall synthesis through bind-
ing to penicillin-binding proteins (PBPs) and impeding
the final transpeptidation step in peptidoglycan
synthesis resulting in cell lysis (Dabrowska, Starek,
Krzek, Papp, & Król, 2015). In the present study, cefe-
pime was covalently tethered onto the developed PU-

g-(AAc-co-GMA) via refluxing at 45°C for 2 h. Previous
studies reported that cefepime maintains up to 91%
of its chemical stability at 45°C for 3 h (Behin, Punitha,
& Krishnan, 2013). Similarly, ampicillin, penicillin, and
vancomycin were reported to retain their antibacterial
activity after being immobilized on medical devices

Figure 6. Antibiofilm capacity of different modified (Pu-g-(AA-co-GMA) polymer against various test strains.
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(García-Vargas et al., 2014). The prepared graft copo-
lymer allowed for immobilization of up to 300 mg
cefepime per gram.

Nanocomposites combine the properties of both the
polymer matrix and NPs (Y. Guo et al., 2019; Ruiz et al.,
2011), they have been prepared for combating resistant
bacteria (Yu et al., 2014). In the current study, the in-situ
intermatrix synthesis technique was employed to pre-
pare PU-based nanocomposite; this approach was
reported to produce highly stable nanocomposites
with long durability, up to a year, without any change
in the metal particle size (Ruiz et al., 2011). Furthermore,
ZnO NPs were developed within cefepime-modified

graft polymer using the above-mentioned technique.
Lower concentration (0.001 mol/L) of NaOH was used
for the incorporation of ZnO NPs into the cefepime-
modified polymer. Cefepime could retain up to 60% of
its stability in 0.001 mol/L NaOH at 60°C for 2 h
(Dabrowska et al., 2015). The prepared graft copolymer
incorporated up to 244mg ZnONPs per gram. However,
the uptake of ZnO NPs was increased for up to 530 mg/
gm in the presence of cefepime.

FTIR spectroscopy is an important technique for char-
acterization and following up the modification process
(Li et al., 2019;).It showed the known characteristic
stretching and bending peaks of epoxy group of GMA

Figure 7. SEM micrographs of E. coli, Serratia marcescens and MRSA adherence to virgin PU, PU-(GMA-co-AAc)-cefepime, PU-
(GMA-co-AAc)-ZnO and (c) PU-(GMA-co-AAc)-cefepime-ZnO where: (a–d) SEM micrographs of E. coli adhering to virgin PU, PU-
(GMA-co-AAc)-cefepime, PU-(GMA-co-AAc)-ZnO and PU-(GMA-co-AAc)-cefepime-ZnO, respectively. (e–h) SEM micrographs of
Serratia marcescens adhering to Virgin PU, PU-(GMA-co-AAc)-cefepime, PU-(GMA-co-AAc)-ZnO, and PU-(GMA-co-AAc)-cefepime-
ZnO, respectively. (i–l) SEM micrographs of MRSA adhering to Virgin PU, PU-(GMA-co-AAc)-cefepime, PU-(GMA-co-AAc)-ZnO, and
PU-(GMA-co-AAc)-cefepime-ZnO, respectively.
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(Nikolic et al., 2010). The disappearance of the epoxy
ring characteristic peaks and the appearance of broad-
ness due to (–OH) group generation, upon refluxing,
confirmed the covalent immobilization of cefepime
and the formation of PU-g-(AAc-co-GMA)-cefepime.
Additionally, the appearance of the characteristic Zn
−O stretching vibration bands (Quadri, Olasunkanmi,
Fayemi, Solomon, & Ebenso, 2017)confirmed the devel-
opment of the nanocomposite. The (–COOH) of acrylic
acid helps entrap ZnO as evidenced by the broadness of
the peak noticed in the range of 3200–3600 cm−1 corre-
sponding to the stretching vibration of the (O–H) bond
due to the formation of intermolecular hydrogen bonds,
in addition to the bending vibration peak that appeared
at 1627 cm−1 (Sakthivel, Mallika, Kannusamy, &
Rajendran, 2016).

EDX analysis of the modified polymers showed the
characteristic optical absorption peaks of ZnO due to
their surface plasmon resonance (Gupta & Bahadur,
2018; Nagarajan & Arumugam Kuppusamy, 2013).
Moreover, the characteristic diffraction patterns of
ZnO (Khorsand Zak, Razali, Abd Majid, & Darroudi,
2011) were clear in our XRD analysis.

In accordance to previous studies (Gupta & Bahadur,
2018; Nagarajan & Arumugam Kuppusamy, 2013), SEM
micrographs showed spherical-shaped ZnO NPs devel-
oped in PU-g-(AA-co-GMA)-ZnO and PU-g-(AA-co-
GMA)-cefepime/ZnO. Although the likelihood of
agglomeration is very little in case of wet in-situ inter-
matrix synthesis (Caseri, 2006), however, we observed
agglomerated rod-like shaped NPs unevenly distributed
within PU-g-(AA-co-GMA)-cefepime/ZnO. This agglom-
eration could be attributed to the high surface free
energy of nanosized particles that make them easy to
aggregate (Jeon & Baek, 2010). Taken all together, these
results confirmed the successful synthesis of PU-g-(AA-
co-GMA)-ZnO and PU-g-(AA-co-GMA)-cefepime/ZnO.

In our study, the ZnO content increased up to 53 wt
% in the presence of cefepime within PU-g-(AAc-co-
GMA)-cefepime/ZnO. Cefepime (an amino-containing
compound) might increase the uptake of ZnO within
the polymer matrix, and hence increased the NP con-
tent within the polymer matrix, this is evidenced by the
increased intensity of peaks within the EDX spectrum
of PU-g-(AAc-co-GMA)-cefepime/ZnO. This might also
explain the NPs agglomeration observed in the SEM
micrographs of PU-g-(AAc-co-GMA)-cefepime/ZnO
compared to cefepime-lacking polymer.

The prepared nanocomposites exhibited prominent
antibacterial activity against MDR: E. coli, Pseudomonas
aeruginosa, Klebsiella pneumoniae, Serratia marcescens,
and MRSA clinical isolates. This was demonstrated by
the contact inhibition zones observed inoculated agar
plates. The antibacterial activity of ZnO NPs was pre-
viously reported by several studies (Gunalan et al.,
2012; Gupta & Bahadur, 2018; Nagarajan &
Arumugam Kuppusamy, 2013; Siddiqi et al., 2018;

Sikora et al., 2018). Hetero-resistant subpopulations of
MRSA were noticed only with PU-g-(AAc-co-GMA)-
cefepime, MRSA was previously reported to have a
hetero-resistance profile for beta-lactams (V. Huang &
Rybak, 2005). The absence of diffusion inhibition zones
is a clear evidence on the absence of release of ZnO
NPs and cefepime from the functionalized polymer;
this could be attributed to the chemical linkages
between the graft copolymer and cefepime, water
insolubility and bonding between ZnO NPs and acrylic
acid, as evidenced by the characteristics peaks in the
FTIR spectra (Sakthivel et al., 2016). Confirmed bonding
between the biologically active molecules and the
radiation-functionalized PU accounted for the long
durability (the one-year study period) of the prepared
antibacterial polymer. Similar findings were reported in
previous studies (Singh, Madhav, & Jaiswar, 2016).

The antibiofilm capacity of ZnO and/or cefepime-
treated functionalized PU segments were assessed
against strong biofilm producer strains by the plate
counting technique and SEM. All the modified PU
forms showed considerable antibiofilm activity that
was more obvious for the grafted PU segments mod-
ified by both cefepime and ZnO NPs. This is attributed
to the fact that an antimicrobial polymer combining
more than one bacterial killing mechanism would
show greater effectiveness (K. S. Huang et al., 2016).
Bound cefepime might act through two mechanisms:
actively due to the spacer effect of the polymer chain
poly (AAc/GMA), offering it free mobility to reach its
target sites (Adlhart et al., 2018), or passively due to
repulsion of the approaching organisms by the poly-
mer brush, so bacteria won’t sense it as a surface and
continue to behave like planktonic organisms
(Nejadnik, Busscher, Van Der Mei, & Norde, 2009).
Previous studies have reported the antibiofilm charac-
teristics of ZnO NPs (Sikora et al., 2018).

SEM micrographs showed cell morphology defor-
mation and fragmentation with PU-g-(AAc-co-GMA)-
ZnO and PU-g-(AAc-co-GMA)-cefepime/ZnO, espe-
cially with Gram-negative bacteria, this might be due
to the large exposed surface of bacilli-shaped bacteria.
Similar results were reported in previous studies
(Gunalan et al., 2012).

To the best of our knowledge, this is the first
research aimed to impart PU a unique self-disinfecting
and antibiofilm activities by means of radiation-
induced graft copolymerization of poly (AAc/GMA) as
spacers, enabling covalent immobilization of cefepime
and entrapment of ZnO NPs. The designed polymers
inhibited bacterial adhesion, and provided long-term
stable antimicrobial and antibiofilm activities against
MDR, strong biofilm producing Gram-positive and
Gram-negative bacteria. The incorporation of ZnO
NPs within the radiation modified PU improved the
efficacy of the resulting nanocomposite either alone
or in combination with cefepime.

JOURNAL OF RADIATION RESEARCH AND APPLIED SCIENCES 223



5. Conclusion

Combination of radiation-induced grafting and con-
struction of PU-based nanocomposite could be an
effective alternative to inhibit biofilm formation on
biomaterials, and hence reducing morbidity and mor-
tality in health care. Further studies are recommended
to confirm the in- vivo effectiveness of the novel poly-
meric material in prevention of biofilm formation.
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