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Abstract: Catheter-associated urinary tract infections (CAUTIs) are nosocomial infections, causing
more than one million cases per year. CAUTIs cause serious health issues; in addition, the cost of
replacement of the device constrains the employment of urological devices. Therefore, there is an
urgent need to develop novel biomaterials for use in catheters. In this study, poly hydroxyethyl-
methacrylate p(HEMA) and drugs-loaded p(HEMA) with ampicillin trihydrate (AMP), levofloxacin
(LVX), and drug combinations were prepared using free radical polymerization. The characterization
of the dried films included the determination of glass transition temperature (Tg), ultimate tensile
strength, elongation percentage, and Young’s modulus. Formulation toxicity, antimicrobial activity,
and biofilm-formation ability were tested. Decreases in Tg value, U.T.S., and Young’s modulus, and an
increase in elongation percentage were observed in AMP-loaded p(HEMA). Different ratios of drug
combinations increased the Tg values. The films exhibited a cell viability higher than 80% on HEK
293 cells. Antimicrobial activity increased when p(HEMA) was loaded with LVX or a combination of
LVX and AMP. Biofilm-forming ability reduced after the addition of antimicrobial agents to the films.
p(HEMA) impregnated with AMP, LVX, and drug combinations showed significantly increased
antimicrobial activity and decreased biofilm-forming ability compared with p(HEMA), in addition to
the effects on (HEMA) mechanical properties.

Keywords: poly hydroxyethyl-methacrylate p(HEMA); levofloxacin; ampicillin trihydrate; pH
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1. Introduction

The insertion of medical devices such as urinary catheters and stents is often reported
to increase the risk of developing bladder infections [1,2]. Bacteria can colonize the outer
surface of the catheter and lead to bacterial escape through the bladder and cause extralu-
minal infection. Bacterial adhesion is the rate-limiting step of infection development on the
surface of implants [3,4]. Moreover, it initiates the formation of infections via enhancing
the attachment and colonization of bacteria in the host cells [5]. Bacterial adhesion on
the material surface is governed by reversible weak forces such as van der Waals forces
or electrostatic effects and by irreversible strong and long-lasting bonds such as covalent
bonds [2,6]. Microorganisms can aggregate irreversibly on the surface of the urinary de-
vices. This leads to the formation of biofilm, which is a complex structure composed of
glycocalyx, made of carbohydrates, proteins, and nucleic acid [7]. Biofilms maximize the
resistance of microorganisms against microbicide by 10–1000 times compared with their
planktonic complement, and hence make the treatments more difficult, necessitating the
replacement of the medical device with a new one [8].

Several antimicrobial agents are used to treat urinary tract infections caused by
catheterization: ampicillin (AMP) [9] and levofloxacin (LVX) [10]. Both are documented as
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broad-spectrum antimicrobial agents used for the treatment of complicated urinary tract
infections [11] with a respectable spectrum of activity against many Gram-positive and
Gram-negative bacteria [12].

pH-responsive hydrogels are stimuli-responsive polymers responding to pH changes
through structural and property modifications, such as surface activity, chain conformation,
and solubility [13,14]. Therefore, drug-loaded pH-responsive hydrogels have been orga-
nized as delivery systems, such as anti-bacterial agents for pH-tunable drug release [15].

Poly hydroxyethyl-methacrylate p(HEMA) is a pH-sensitive polymer, containing
anionic hydrogel with a primary alcohol [16] that has hydrophilic and lipophilic moieties;
it is non-toxic, transparent, and insoluble in water [17,18]. Furthermore, p(HEMA) offers
stable mechanical properties [19]. p(HEMA) is reported to be prepared by additional
polymerization (free radical polymerization) of free radical initiator (2.2-azobis (2-methyl-
propionitrile)) [20]. p(HEMA) has been used in various applications such as contact lenses,
drug delivery vehicles, tissue engineering scaffolds, and in urinary catheters [21–23].

The objective of the study was to develop a coating layer for the urological devices com-
posed of poly hydroxyethyl-methacrylate p(HEMA). p(HEMA) loaded with ampicillin tri-
hydrate (AMP), levofloxacin (LVX), and equal and different ratios of the drug combinations.
This was subsequently followed by an examination of the glass transition temperature,
tensile properties, cell line toxicity, antimicrobial activity, and biofilm-formation ability.

2. Materials and Methods
2.1. Materials

Levofloxacin (MW 361.4 g/mol) was kindly donated by Dar Al Dawa Pharmaceuticals
(Amman, Jordan). Ampicillin trihydrate (MW 403.5 g/mol) was from Ibn Hayyan Phar-
maceuticals (Amman, Jordan). Bacterial cells were obtained from American Type Culture
Collection (ATCC) (Manassas, VA, USA); Escherichia coli (E. coli ATCC 8739, Staphylococcus
aureus (S. aureus) ATCC 6538, and Pseudomonas aeruginosa (P. aeruginosa) ATCC 9027). 2-
hydroxyethyl methacrylate (2-HEMA) (MW 130.14 g/mol), ethylene glycol di methacrylate
(MW 198.22 g/mol), and 2.2-azobis (2-methyl-propionitrile) (AIBAN) (MW 164.21 g/mol)
were obtained from Sigma-Aldrich (Munich, Germany). Müller Hinton agar (MHA) and
broth (MHB) were obtained from HIMEDIA (Mumbai, India). Brain heart infusion broth
was purchased from biolab (Budapest, Hungary). Human embryonic kidney (HEK 293)
cell line was from ATCC (Manassas, VA, USA). T75 flasks were from SPL Life Sciences Co.
(Gyeonggi-do, Korea). All cell culture reagents were purchased from EuroClone S.p.A., Via
Figino, Italy.

2.2. Preparation of p(HEMA) Hydrogel Films

Poly hydroxyethyl-methacrylate p(HEMA) films were synthesized as described by
Irwin et al. [24], with modification. Ethylene glycol-dimethacrylate (EGDMA, 1% w/w)
and 2,2′azobisisobutyronitrile (AIBN, 1% w/w) (cross-linker and initiator, respectively)
were mixed at 20 ◦C with 2-hydroxyethylmethacrylate (2-HEMA, 98% w/w) by stirring.
The resulting 10 g mixture was injected slowly into molds, (the mold was separated with
medical-grade silicone tubing with a lumen diameter of 3 mm and wall thickness of
0.18 mm, clamped using spring clips). The mixture was left in an oven to allow polymer-
ization at 60 ◦C for 18 h. The formed film was soaked for one week in distilled water to
remove unreacted monomers, with the soaking medium refreshed daily (absorbance of
acrylate was measured daily at 220 nm to ensure the unreacted monomers were removed).
When the measured absorbance of the soaking medium was zero, the film was left to dry
in an oven at 30 ◦C and weighed daily until a constant weight was obtained [24]. The same
procedure was carried out for the preparation of p(HEMA) impregnated with antimicrobial
agents, taking into consideration that the total weight of the mixture was 10 g and the
loaded drug was 0.5% (w/w), as listed in Table 1.
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Table 1. Formulations, components and ratios of the prepared hydrogel films.

Formulation Antimicrobial Agent (g) 2-HEMA (g)

F1 (control) _______ 9.8
F2 0.05 AMP 9.75
F3 0.05 LVX 9.75

F4 AMP: LVX (1:1)
0.025:0.025 9.75

F5 AMP: LVX (3:1)
0.0375:0.0125 9.75

F6 AMP: LVX (1:3)
0.0125: 0.0375 9.75

2.3. Determination of Glass Transition Temperature

AQ800 DMTA (TA, NC, USA) was used to detect the glass transition (Tg) of the dried
films. The experiment was conducted in tensile mode at an oscillatory frequency of 1 Hz
and a heating rate of 3 ◦C min−1 in a temperature range of 35 to 160 ◦C. Dried films (number
of replicates, n = 3) were cut into rectangular forms (30 mm length, 10mm width, and
0.79 mm thickness measured using a digital caliper). The Tg was determined from the peak
of tan δ [25]. Tan δ is defined as the ratio of loss to storage modulus (tan δ = E′′/E’) [26].

2.4. Mechanical Properties

Mechanical properties representing ultimate tensile strength (U.T.S.), elongation per-
cent, and Young’s modulus of the dried films were calculated from a TA-XT plus Texture
Analyzer (Stable Micro Systems) [27]. Dried films (30 mm length × 10 mm width; number
of replicates, n = 5) were clamped between the static and moveable grips, ensuring that the
length of the films below stress was constant (20 mm). The upper clamp was elevated at a
fixed rate (0.5 mm s−1) until the film fractured. From the resulting stress–strain plot, the
U.T.S., percent elongation at the breakpoint, and Young’s modulus were calculated [28].

2.5. Cytotoxity Evaluation of p(HEMA) Hydrogel Formulations

An MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium
assay was carried to detect the metabolic action of living cells using an MTT Cell Prolifera-
tion Assay (ATCC®30–1010K) [29]. HEK 293 cells were seeded at a density of 1 × 104 cells
per well containing 100 µL medium in 96-well plates for 24 h. The dried films (discs,
number of replicates, n = 5 in each case, with an average diameter of 3.735 ± 0.46 mm
and average thickness of 0.79 ± 0.04 mm) were soaked in RPMI 1640 media for softening
before transferring to the wells and then they were incubated for 24 h. After, 10 µL of
MTT reagent was added to each well, followed by incubation at 37 ◦C in 5% CO2 and 95%
humidity for 4 h. Subsequently, 100 µL of detergent reagent (stop solution) was added to
each well and placed in an incubator for 2 h. Then, absorbance was recorded at 570 nm
using a Synergy™ HTX Multi-Mode Microplate Reader (BioTek, Winooski, VT, USA). Cell
viability was calculated as shown in Equation (1).

Cell viability (%) = (mean absorbance of treated cells/mean absorbance of control cells) × 100 (1)

2.6. Antimicrobial Activity (Zone of Inhibition)

The antimicrobial activity of dried films of p(HEMA) and drugs-loaded p(HEMA)
was determined using three different bacterial strains: S. aureus ATCC 6538, E. coli ATCC
8739, and P. aeruginosa ATCC 9027. The bacteria were thawed and incubated for 18 h at
37 ◦C in an Erlenmeyer flask containing nutrient broth (NB). After 18 h bacteria were
harvested by centrifugation and re-suspended in new NB until the optical density (OD
540 nm) was equivalent to 1 × 108 CFU mL−1. The microorganisms were streaked on an
MHA agar plate. Once the agar had set and cooled, discs of the drug-loaded hydrogels
(diameter 5.58 mm, thickness 0.79 mm) were placed by sterile forceps on the surface of the
inoculated MHA plates and incubated at 37 ◦C for 18 h. The diameter of the inhibition
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zone (clear zone indicating no bacterial growth) was measured daily for 14 days using a
ruler caliber [28]. The experiment was set twice for each microorganism (at least 6 different
discs were included in each experiment).

2.7. Biofilm-Formation Ability

The biofilm-formation ability was studied using S. aureus ATCC 6538, E. coli ATCC
8739, P. aeruginosa ATCC 9027, and a mixture of the 3 bacteria on dried films of p(HEMA),
and drugs-loaded p(HEMA) surfaces (discs, number of replicates, n = 4, with an average
diameter of 3.74 ± 0.46 mm and an average thickness of 0.79 ± 0.04 mm). Bacteria were
incubated at 37 ◦C for 18 h in NB. Then, they were harvested and re-suspended in heart
infusion broth (HBI) with an OD (540 nm) of 0.3, equivalent to 1 × 106 CFU mL−1. After
90 min, non-attached bacteria were removed and fresh HBI was added. The plate was
incubated at 37 ◦C for 24 h [30]. Then, the films were washed with sterile phosphate-
buffered saline (PBS) and were incubated for 3 h with 150 µL MTT. Then, 100 µL of
detergent reagent was added to each well and the plate was placed for 15 min. The
absorbance (OD) reading was performed at 570 nm using a Synergy™ HTX Multi-Mode
Microplate Reader (BioTek, Winooski, VT, USA) [31].

3. Results

In this study, poly hydroxyethyl-methacrylate p(HEMA) was loaded with AMP, LVX,
and different ratios of the drug combinations. The characterization of the dried films was
carried out to determine the glass transition temperature (Tg), ultimate tensile strength
(U.T.S.), elongation, and Young’s modulus. An evaluation of cytotoxicity on HEK 293 cells
to detect the metabolic action of living cells using an MTT Cell Proliferation Assay was also
performed. In addition, various types of bacteria were used to determine the antimicrobial
activity for 14 days. Finally, using an MTT assay, the monitoring of the biofilm-forming
ability on different films surfaces was performed.

3.1. Determination of Glass Transition Temperature

The Tg value of p(HEMA) (control, F1) was similar to that of LVX-loaded p(HEMA)
and 1:1 AMP:LVX-loaded p(HEMA), which were 130.97 ± 2.11, 131.91 ± 0.69, and 134.08
± 0.63 ◦C, respectively (p-value > 0.05). However, the addition of 0.5% (w/w) AMP to
p(HEMA) decreased the Tg significantly, where it was 125.39 ± 3.25 ◦C (p-value < 0.0001).
Moreover, the observations indicate that the use of different ratios of drug combinations
resulted in the increase in Tg values as in (3:1) AMP: LVX- loaded p(HEMA) and (1:3) AMP:
LVX- loaded p(HEMA), as shown in Figure 1.

3.2. Mechanical Properties

The effect of drugs on the tensile strength, Young’s modulus, and the elongation per-
cent of dried films is shown in Figure 2. The U.T.S. of p(HEMA) (control, F1) was identical
to 1:1 AMP:LVX-loaded p(HEMA), which was 5.29 ± 0.08 and 5.38 ± 0.01 N/mm2, respec-
tively (p-value > 0.05). However, the addition of 0.5% (w/w) of AMP or LVX to p(HEMA)
decreased the U.T.S. significantly, where it was 4.25 ± 0.06 N/mm2 (p-value < 0.0001) and
4.96 ± 0.12 N/mm2 (p-value = 0.0003), respectively, compared to the control p(HEMA).
Furthermore, the U.T.S. of different ratios of drug combinations increased in 3:1 AMP:LVX-
loaded p(HEMA) and 1:3 AMP:LVX- loaded p(HEMA).
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Figure 1. The Tg of p(HEMA) (control (F1), F2, F3, F4, F5, and F6). Values present the average
mean ± SD, n = 3., ** p < 0.01, *** p < 0.001, and **** p < 0.0001 significant difference between
formulations.

Figure 2. Mechanical properties of dried films of p(HEMA) and drugs-loaded p(HEMA) detected by Texture Analyzer.
(a) U.T.S. N/mm2, (b) Young’s modulus (N/mm2) and (c) Elongation%.: Values shown presenting average mean ± SD,
n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001, a significant difference between formulations.

The Young’s modulus of p(HEMA) (control, F1) was 36.60 ± 0.61 N/mm2. AMP-
loaded p(HEMA) significantly lowered the Young’s modulus to 23.39 ± 0.75 N/mm2
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(p-value < 0.0001). Moreover, the Young’s modulus was significantly higher in 3:1 AMP:LVX-
loaded p(HEMA) than p(HEMA), which was 39.92 ± 2.11 N/mm2 (p-value < 0.05). In the
other dried films, the Young’s modulus was similar to that of p(HEMA).

The elongation of p(HEMA) (control, F1) was 1.40% ± 0.44%, while the elongation of
AMP-loaded p(HEMA) was significantly higher than that of the control p(HEMA), which
was 6.14% ± 0.29% (p-value < 0.0001), as shown in Figure 2.

3.3. Cytotoxity Evaluation of p(HEMA) Hydrogel Formulations

The cell viability of p(HEMA) (control, F1) was similar to that of F6, 1:3 AMP:LVX-
loaded p(HEMA) (122.31% ± 7.03% and 121.53% ± 2.82%, respectively, p > 0.05). However,
in all tested films, the cell viability was higher than 80% [32], and thus was considered to
be safe. As presented in Figure 3, HEK 293 cells are normal kidney cell used to test the
safety of urological biomaterials [33].

Figure 3. Cell viability of p(HEMA) hydrogel as control (C) and the drug -loaded hydrogels. Values
shown represent the mean ± SD, n = 5, ** p < 0.01, and **** p < 0.0001, significant difference between
formulations. The black lines marks the 80% viability where less than 80% is considered toxic.

3.4. Antimicrobial Activity (Zone of Inhibition)

Dried films of AMP, LVX, and different ratios of drug combinations produced zones
of inhibition against all tested bacteria, including Gram-positive bacteria such as S. aureus
and Gram-negative bacteria such as E. coli and P. aeruginosa, as presented in Figure 4. In
general, the size of the inhibition zone increased with time and remained for 14 days. An
increase in the inhibition zone with time indicates that those materials would be suitable
for long-term catheterization. Indwelling urological devices may be inserted for one day
as an intermittent catheter and could be inserted for four months as stents. Thus, the
inhibition zone was measured as a function of time. Upon loading p(HEMA) with AMP
and LVX, the inhibition zone was influenced by the ratio used. A larger inhibition zone was
observed in dried films of p(HEMA) impregnated with 0.5% (w/w) LVX (F3) and p(HEMA)
impregnated with 0.125%:0.375% (w/w) AMP: LVX (F6). This is reflected in the spectrum of
activity of LVX [34]. The combined antimicrobial agents showed a larger inhibition zone at
the initial time intervals compared with each antimicrobial agent alone.

3.5. Biofilm-Formation Ability

Biofilm-formation ability is classified according to the mean optical density value. A
mean of optical density value above 0.2 indicates a strong biofilm-formation ability, 0.2 ≥
OD > 0.1 is considered moderate ability to form biofilm, 0.1 ≥ OD > 0.05 is classified as a
weak ability to form biofilm, and OD ≤ 0.05 indicates negative ability [35].
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Figure 4. Zone of inhibition (mm) for p(HEMA) hydrogel as a control and the drug-loaded p(HEMA) hydrogel data
represent at least 6 replicates in two independent experiments. (a) ZOI of S. aureus (n = 6 ± S.D.), (b) ZOI of E. coli
(n = 6 ± S.D.), and (c) ZOI of P. aeruginosa (n = 6 ± S.D.).

The biofilm-forming ability of S. aureus was similar on all dried film surfaces, whereas
the biofilm-forming ability of E. coli decreased on the dried films except p(HEMA) and 1:3
AMP:LVX-loaded p(HEMA) (F6) surfaces. The biofilm-forming ability for P. aeruginosa in-
creased on he p(HEMA) surface and reduced in p(HEMA) loaded with antimicrobial agents.
Furthermore, the addition of LVX to the films reduced the mixed biofilm-forming ability.
That is, the biofilm-forming ability of S. aureus on p-HEMA (control, F1) was 0.112 ± 0.04,
AMP-loaded p(HEMA) (F2) was 0.23± 0.21, LVX-loaded p(HEMA) (F3) was 0.09 ± 0.03, 1:1
AMP:LVX-loaded p(HEMA) (F4) was 0.024 ± 0.024, (3:1) AMP:LVX-loaded p(HEMA) (F5)
was 0.009 ± 0037, and 1:3 AMP:LVX-loaded p(HEMA) (F6) was 0.073 ± 0.054. The biofilm-
forming ability of E. coli on p(HEMA) (control, F1) was 0.86 ± 0.018, F2 was 0.041 ± 0.06,
F3 was 0.008 ± 0.017, F4 was 0.099 ± 0.08, F5 was 0.009 ± 0.12, and F6 was 0.99 ± 0.24.
The biofilm-forming ability of P. aeruginosa on p(HEMA) (control, F1) was 1.14 ± 0.45, F2
was 0.046 ± 0.057, F3 was 0.023 ± 0.03, F4 was 0.023 ± 0.07, F5 was 0.02 ± 0.051, F6 was
0.24 ± 0.13, and biofilm-forming ability of mixed biofilm on p(HEMA) (control, F1) showed
overgrowth of bacteria, F2 was 2.27 ± 0.83, F3 was 0.032 ± 0.017, F4 was 0.032 ± 0.016, F5
was 0.29 ± 0.38, and F6 was 0.0026 ± 0.116.

4. Discussion

This study addressed the well-documented challenges of developing antimicrobial
devices capable of resisting microbial growth and subsequent biofilm formation. The
aforementioned challenge increases the financial burden on health care institutions because
the only solution is to replace the infected device with a new one. Herein, a simple yet
highly versatile technique was proposed to manufacture a material that is capable of
delaying microbial growth and increasing the lifespan of a medical device. The synthesis
of p(HEMA) hydrogel was carried out as described previously [24]. The hydrogel was
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loaded with two different antimicrobial agents, LVX and AMP, and a combination of both,
using different ratios to evaluate their role in delaying the microbial contamination of the
medical device. Characterization included determination of the Tg, mechanical properties,
determination of cytotoxicity, inhibition zone, and the ability to resist biofilm formation.

Transition temperature is a crucial indicators of several structural changes correlated
with the chemical and physical behaviors of polymers. The Tg is a parameter that indicates
the glassy to viscous liquid change, and it is correlated to polymer chain mobility and
homogeneity as well as mechanical properties. The resulting DMTA thermogram showed
one peak in all formulations. indicating that the hydrogel was homogeneous. The observed
reduction in the Tg value of AMP-loaded p(HEMA) was attributed to the number of
rotatable bonds in ampicillin, which implies that it enhanced the movement of the backbone
chain. In addition, ampicillin trihydrate contains water in its structure, where the water
decreased the Tg value [36]. The low Tg of F2 illustrates the low rigidity of the polymer,
which explains the decrease in Tg. The observed increase in Tg upon employing drug
combinations can be attributed to drug–drug interaction, where an increase in the number
of hydroxyl groups correlated strongly with Tg [37]. Attractive forces would increase
the stiffness of the polymer backbone, and meaningless void volume would be obtained;
thus, Tg would increase [38]. A direct influence of Tg is on mechanical properties, where
increasing the Tg will lead to more flexible material, while a higher Tg implies a stiffer
material with high Young’s modulus and tensile strength values [38]. To improve patient
tolerance, it is better to have flexible material; yet to maintain the function of a urinary
catheter, the fabricated material should withstand a considerable amount of applied force.
The demonstrated decrease in the U.T.S. and the increase in elongation of AMP-loaded
p(HEMA) could be attributed to the higher number of rotatable bonds in ampicillin, which
enhanced the movement of the backbone chain and decreased the Tg value. Furthermore,
the decrease in elongation and the increase in U.T.S. in different ratios of drug combinations
were attributed to the increases in drug–drug and drug–polymer interactions. A higher
film Tg indicates stronger attraction forces in the polymer backbone with the drugs and
lower voidance volume [38,39].

The employed films were safe and showed no toxicity on the tested cell culture
(HEK 293), which originated from the kidneys, indicating that the interaction between the
exemplar drugs and p(HEMA) hydrogel did not lead to the toxic effects on HEK 293 cells.
This could be due to the hydrogel’s ability to swell, allowing oxygen permeability. The
cell viability was greater than 100%, which is not unusual in the MTT assay [40], where
utilizing a low concentration of treatment can lead to a higher cell viability, as observed
in film formulations that contain low concentrations. The safety result implies that the
fabricated biofilm is biocompatible.

The hydrogel formulations were fabricated in order to delay the microbial growth on
the surface of the urinary devices; hence, it was crucial to determine the zone of inhibition
over a prolonged period of time. The antimicrobial activity for p(HEMA) and drugs-loaded
p(HEMA) persisted for 14 days. Loading p(HEMA) with a higher ratio of LVX alone or
using the highest ratio of LVX (0.5% of LVX and loading p(HEMA) with 0.125%:0.375%
(w/w) AMP: LVX (F6)) significantly increased antimicrobial activity. This was reflected in
the spectrum of activity of LVX [34].

There are many microorganism species that can be involved in CAUTIs. Gram-positive
bacteria such as S. aureus and Gram-negative bacteria such as E. coli and P. aeruginosa can
adhere and form biofilms on catheter device surfaces. The biofilm is a complicated structure
population of microbes that produces an extracellular polymeric matrix that is adherent on
a surface [1]. Urinary biofilms are documented to be of mixed microbial species [2], which
makes their treatment and management challenging. To detect the ability of p(HEMA)
and drug-loaded p(HEMA) to withstand the conditions and resist biofilm formation, a
test using an MTT kit was conducted to determine the metabolic activity of the adhered
cells. The films were exposed to a mixed strain of common causative of CAUTIs for 3 h,
then treated properly to calculate the viable cells of the bacteria. The results showed that
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p(HEMA) alone without drug loading led to an enormous growth of microorganisms
(Figure 5), which highlights the necessity of employing microbicides. Moreover, the use
of LVX alone to load p(HEMA) in F3 and the use of a combination of LVX to AMP with
high ratio of LVX in F6 were more capable of lowering the potential for biofilm formation.
Employing antimicrobial agents to inhibit bacterial growth and biofilm-formation ability is
a reasonable approach to both the prevention and treatment of infections [2]. p(HEMA) is
a hydrophilic coating polymer with excellent antifouling capability due to the presence of
the O-H group in its structure [16]. Both Gram-positive and Gram-negative bacteria carry a
negative charge on their surfaces, which led to initiating the repulsion between negatively
charged bacteria and the negative charge of the p(HEMA) surface. The interaction between
the bacteria and p(HEMA) surface decreased the biofilm-forming ability after loading
p(HEMA) with antimicrobial agents due to the antimicrobial action against bacteria. Both
AMP and LVX act against Gram-positive and Gram-negative bacteria [12]. AMP acts as an
irreversible inhibitor of the enzyme transpeptidase and thus inhibits cell wall synthesis
and leads to cell lysis [41]. LVX inhibits bacterial deoxyribonucleic acid DNA gyrase, a
type II topoisomerase [10].

Figure 5. Biofilm-forming ability of p(HEMA) hydrogel formulations and drugs-loaded p(HEMA). (a) The biofilm-forming
ability of S. aureus on p(HEMA) hydrogel formulations, (b) biofilm-forming ability of E. coli on p(HEMA) hydrogel
formulations, (c) biofilm-forming ability of P. aeruginosa on p(HEMA) hydrogel formulations, and (d) biofilm-forming
ability of mixed biofilm on p(HEMA) hydrogel formulations. Values represent the average mean ± SD, n = 3 **** p < 0.0001,
significant difference between formulations.

5. Conclusions

The employment of p(HEMA) in fabricating hydrogels for coating medical devices
is an area of active research. Herein, p(HEMA) hydrogel was fabricated through a facile
procedure, and impregnated with AMP and LVX and a combination of both microbicides
in different formulations. The drugs affected both the thermal and mechanical properties of
the hydrogel, where AMP lowered the Tg and increased the elongation, while LVX increased
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the Tg and increased stiffness. The antimicrobial and antibiofilm activity of the hydrogel
showed that loading the polymeric hydrogel with drugs improved the antimicrobial and
antibiofilm formation compared with using p(HEMA) alone. A significant reduction in
the microbial growth and ability to biofilm formation was observed upon employing LVX
alone or a combination of AMP and LVX with a higher load of LVX in favor of AMP and
showed effects continuously for 14 days. The fabricated hydrogel can be employed in the
field of urinary material and improve the lifespan for longer periods before replacement
is necessary.
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