
International Journal of Biological Macromolecules 114 (2018) 1109–1116

Contents lists available at ScienceDirect

International Journal of Biological Macromolecules

j ourna l homepage: ht tp : / /www.e lsev ie r .com/ locate / i jb iomac
Stimulus-responsive zinc oxide-functionalized macromolecular humic
acid nanocarrier for enhancement of antibacterial activity of
ciprofloxacin hydrochloride
Gowri Murugesan a, Nachimuthu Latha a,⁎, Kannan Suganya b, Marudhamuthu Murugan b,
Murugan A. Munusamy c, Mariappan Rajan d,⁎⁎
a Department of Chemistry, Kandaswami Kandar's College, Paramathi Velur, Namakkal District, Tamil Nadu 638182, India
b Department of Microbial Technology, School of Biological Sciences, Madurai Kamaraj University, Madurai, Tamil Nadu 625021, India
c Department of Botany and Microbiology, College of Science, King Saud University, Riyadh 11451, Saudi Arabia
d Biomaterials in Medicinal Chemistry Laboratory, Department of Natural Products Chemistry, School of Chemistry, Madurai Kamaraj University, Madurai, Tamil Nadu 625021, India
⁎ Correspondence to: N. Latha, Department of Che
College, Paramathi Velur, Namakkal District, Tamil Nadu 6
⁎⁎ Correspondence to: M. Rajan, Biomaterials in Me
Department of Natural Products Chemistry, School of
University, Madurai 625021, India.

E-mail addresses: lathaankl@gmail.com, (N. Latha),
rajanm153.chem@mkuniversity.org. (M. Rajan).

https://doi.org/10.1016/j.ijbiomac.2018.03.120
0141-8130/© 2018 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 18 January 2018
Received in revised form 11 February 2018
Accepted 21 March 2018
Available online 22 March 2018
Macromolecular of naturally occurring humic acid (HA) have garnered interest in the chemical, biological and
medicine industry owing to their unique behavior, i.e., strong adsorptive and non-toxic nature. Here, we investi-
gated the functionalization of organic (HA) with inorganic (ZnO) hybrid nanoparticles for topical and site-
targeted delivery of ciprofloxacin by simple emulsification techniques. Ciprofloxacin (CIPRO)-encapsulated hy-
brid nanocarrier constitute an attractive novel drug delivery vehicle for sustained release of antibiotics to bacte-
rial infection sites in an extended and controlled manner. The analytical characteristics of the designed system
were thoroughly investigated by FTIR, XRD, SEM/EDAX, and TEM. The drug release of ciprofloxacin over 24 h
was 87.5%, 98.03%, 97.44%, and 97.24% for pH 2.5, 5.5, 6.8, and 8.0, respectively. The antibacterial activities results
confirmed that the CIPRO-encapsulated hybrid nanocarrier showed excellent growth inhibition againstmicroor-
ganisms. This hybrid nanocarrier loaded with antibiotics represents a promising approach for targeted and con-
trolled drug delivery to infected sites.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Treatment with antimicrobial agents, in particular antibiotics, is
presently the handiest approach to kill or inhibit the growth of patho-
genic microorganisms [1]. However, formulations and derivatization
of the effectiveness of existing antibiotics is diminishing because of
the fast emergence of new antibiotic agents [2]. The clinical treatment
failure of bacterial infections disorder is related to the low bioavailabil-
ity of cell/tissue-specific barriers, drug stability, biofilm-related
infection, and emergence of resistant bacteria [3]. Furthermore, to cir-
cumvent the issues of drug resistance, high doses of antibiotics are
often administered, generatingmany side effects and toxicity [4]. Toxic-
ity to healthy tissues and solubility problems are additional limitations
of the use of antibiotics in large quantities [5]. In most people, drug
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38182, India.
dicinal Chemistry Laboratory,
Chemistry, Madurai Kamaraj
absorption occurs at the small intestine because of the large surface
area [6]. To conquer drug resistance, antibiotic-encapsulated nanosys-
tems are currently undergoing trials. The activity of antibiotics may ad-
ditionally be enhanced by pH, enzymatic inactivation, and so forth.

Drug delivery may be performed using various nanostructures, in-
cluding dendrimers, liposomes, polymers, and hybrid nanoparticles, de-
veloped particularly to improve the antimicrobial efficacy of antibiotics
by changing their pharmacokinetics and biodistribution profiles [7–9].
Biodegradable materials are non-toxic, biocompatible, and provide a
simple manner of controlling the discharge of drugs, using diffusion or
swelling [10]. Usually, antimicrobials kill microorganisms by binding
to a few of their vital compounds. Humic acid (HA) have attracted
huge interest in chemical, biological and medicine industry owing to
their unique behavior, including nanoscale, strong adsorption, and
non-toxicity [11,12]. HA, produced by the biodegradation of dead or-
ganic matter, are ever-present in the natural environment [13]. HA
mainly contains\\OH and\\COOH groups [14]. pH-sensitive HA has
greater adsorption capacity because of its high surface area of metal
ions. The adsorption of drug molecules on the carrier is carried out via
susceptible chemical interactions such as hydrogen bonds and Vander
Waals forces [15].
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Ciprofloxacin (CIPRO), a member of the fluoroquinolone family, has
broad antimicrobial activity [16]. It is generally used for the treatment of
complex and straightforward urinary tract, skin/pore, bone/joint, peri-
odontal, and intestinal infections [17]. At high pHs, CIPRO acquires a
negative charge owing to deprotonation of its carboxylic group,
whereas at low pHs, CIPRO molecules emerge as positively charged
owing to protonation of its amine group [18]. The negatively charged
walls of many forms of bacteria intermingle with the positively charged
nanostructures via electrostatic interactions, affecting permeability ad-
justments or even the destruction of the entire cell wall and, hence,
the pathogen itself [19].

To further increase the performance and properties of antibacterial
nanoparticles (NPs), they are gradually combined with other types of
metals to form hybrid complexes for sophisticated applications. More
recently, inorganic NPswere determined to display strong antimicrobial
properties [20]. The property of metal NPs specially depends on their
size, stability, and concentration in the medium. Zinc oxide nanoparti-
cles (ZnO NPs) are attractive owing to their low toxicity, low cost, and
potential biocompatibility [21]. The biomedical applications of ZnO
NPs range from diagnostics to therapeutics. ZnO NPs have unique prop-
erties such as semiconducting; wound healing, antifungal, and antibac-
terial activities [22]. ZnO NPs have well-defined anti-bacterial activities
and can be used as an effective bactericidal agent [23]. Single-
component materials can only meet few of themultiple desired charac-
teristics. To overcome these challenges, herein, we developed excep-
tional naturally occurring organic components of functionalized HA
with ZnO NPs to encapsulate CIPRO, using a simple emulsion technol-
ogy. This developed method had been applied in drug delivery systems
for controlled, long-term constipation, and targeted drug delivery.

2. Materials and methods

2.1. Materials

Zinc nitrate (ZnNO3), Potassium hydroxide (KOH), Humic acid (HA)
(Molwt ca. ≈1500), and Sorbitanmonolaurate (Span 20) were pur-
chased from Sigma Aldrich Chemicals, Mumbai, India. Analytical grade
chemicals were used without further purification. CIPRO was obtained
from Himedia Laboratories (Mumbai, India). Double-distilled water
was used throughout the experiments.

2.2. Synthesis of ZnO nanoparticles and functionalization of HA

The preparation of ZnONPs, functionalization of thenanocarrier, and
loading of the antibiotic were carried out by the following steps. Ini-
tially, ZnO NPs were prepared by the precipitation method [24] as fol-
lows: Briefly, 1.5 M of KOH was prepared by dissolving 8.4165 g of
KOH in 100 mL deionized water in a beaker. Then, 14.8745 g of ZnNO3

was dissolved in 100 mL deionized water (0.5 M), transferred to the
beaker containing the KOH solution, and magnetically stirred for 1 h
(hour). After 1 h, white precipitates of ZnO NPs were obtained, centri-
fuged at 4000 rpm, and washed thrice with distilled water. Then the
precipitates were collected and calcined at 500 °C in a muffle furnace
for 4 h. For functionalization, 500 mg of ZnO NPs were dissolved in a
beaker containing DMSO, with 1.0 g of HA added, and magnetically
stirred for 30min. ZnO-functionalized HA (hybrid nanocarrier) was col-
lected and centrifuged at 3000 rpm and dried in an air oven at 60 °C for
4 h.

The nanocarrier synthesis and CIPRO encapsulation on hybrid
nanocarrier was carried out using the O/W emulsion method [25].
Briefly, 500 mg of ZnO-HA was dissolved in 10 mL of DMSO, and
500 mg of Span 20 was dissolved in 50 mL of water. The DMSO-
containing ZnO-HA solution was drop wise added into the water-
containing surfactant solution. The mixture was stirred for 2 h and cen-
trifuged, and then dried in an air oven at 60 °C for 4 h, for further char-
acterization. The above procedure was followed by the encapsulation of
250 mg of CIPRO in 500mg of ZnO-HA nanocarrier, by combining ZnO-
HA with the oil portion of DMSO dissolved CIPRO.

2.3. Physico-chemical characterization of hybrid nanocarrier

The functional groupof the synthesized compoundswasdetermined
using Fourier transform infrared spectroscopy (Spectrum GX-I, Perkin
Elmer, Waltham, MA, USA) in the range of 4000–400 cm−1, by the KBr
pellet method. Plane orientation and crystalline structure were con-
firmed by X-ray diffraction techniques (PW3040/60 X pert PRO, Almelo,
Netherlands). Surface morphology (Hitachi-SU 6600 Scanning Electron
Microscope, Tokyo, Japan; operated at 15 kV) was performed by scan-
ning electron microscopy. The size and shape of the particles were ana-
lyzed by transmission electron microscopy operated at 200 kV.

2.4. Estimation of encapsulation efficiency

Nanocarrier and free drug were subjected to the drug encapsulation
process. From this reaction mixture, the supernatant solution was col-
lected at 10-min time intervals and centrifuged at 3000 rpm. The concen-
tration of the drug in the solutionwas analyzed byUV spectrometry (UV-
1600, Shimazhu, Japan) with a λmax value of 295 nm. The experiment
was performed in triplicate.

EE %ð Þ ¼ Total amount of drug−Free amount of drug
Weight of dry nanoparticles

� 100

2.5. Investigation of in-vitro drug release

CIPRO (200 mg)-loaded dry nanocarriers were added to 1 mL of ac-
etate and phosphate buffered saline (pH 2.5, 5.5, 6.8, and 8.0), and then
placed inside a dialysis bag, tied at both ends, and dipped in a beaker
containing 150 mL of release medium. The beaker was kept in a mag-
netic stirrer operated at100 rpm. Every 30 min, 3 mL of the in-vitro re-
lease medium was removed from the beaker and immediately
replaced with fresh medium. Release properties of CIPRO were evalu-
ated using UV spectroscopy (UV-1600, Shimazhu, Japan).

2.6. Effect of in-vitro antibacterial activity

2.6.1. Strains and culture conditions
Pseudomonas aeruginosa (P. aeruginosa) (ATCC 25619) and Bacillus

cereus (B. cereus) (ATCC 11778) were used as the test bacterial patho-
gens. Both the pathogens were cultivated and maintained in tryptic
soy broth (TSB) containing 0.5% glucose (pH 7 ± 0.2) at 37 °C. Cultures
were inoculated from overnight inoculum at a dilution of 1/100 and in-
cubated at 37 °C with shaking at 170 rpm. For all investigates, cultures
were grown to mid-exponential phase (optical density at 600 nm
[OD600] = 1.2).

2.6.2. MIC and MBC determination
The vulnerabilities of planktonic cells of P. aeruginosa and B. cereus to

the drug and drug-loaded carrier were determined by microtiter broth
dilution, as described by the Clinical and Laboratory Standards Institute.
Inhibition assays were performed in sterile 96-well plates (Corning Co.,
NY, USA) in a final volume of 150 μL, comprising 50 μL of microbial cul-
tures (3× 106 CFU/mL) and 100 μL of the consecutively diluted drug and
drug-loaded carrier complexes (1–500 μg/mL). Microtiter plates were
statically incubated at 37 °C for 24 h, and the bacterial growth was eval-
uated bymeasuring the optical density of the cultures at 600 nm, using a
Spectra max microtiter plate reader (molecular devices, Sunnyvale,
USA). All inoculums were grown in triplicate. MICs were denoted as
the lowermost drug concentration that produced no visible growth
after 24 h. Minimum bactericidal concentration (MBC) was calculated
by dispersing 100 μL of bacterial cultures from MIC assay microtiter



Fig. 1. FTIR spectra of (A) HA; (B) hybrid nanocarrier; and (C) CIPRO-encapsulated hybrid
nanocarrier.

Fig. 2. X-ray diffraction pattern of (A) HA; (B) hybrid nanocarrier; and (C) CIPRO-
encapsulated hybrid nanocarrier.
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wells onto Mueller Hinton Agar (MHA) plates and incubating at 37 °C
for 12–18 h. The lowest concentration of drug that allowed the forma-
tion of less than five colonies on each plate was measured as the MBC.
After 24 h of growth, the highest concentration of the drugs and drug-
loaded carrier that did not hinder the growth of P. aeruginosa and
B. cereuswas selected as the sub-MIC.

2.6.3. Time-kill kinetics against P. aeruginosa and B. cereus
Time-kill kinetics against P. aeruginosa and B. cereus were re-

corded for 24 h at concentrations equivalent to the corresponding
MIC and 2× MIC for the drug and drug-loaded carrier. P. aeruginosa
(2.0 × 105 CFU/mL) and B. cereus (3.0 × 102 CFU/mL) were incubated
at 1× MIC of the drug and drug-loaded carrier at 37 °C and with-
drawn at definite time intermissions for viable plate counts. Serial
tenfold dilution was made using MH broth. From each dilution, 50 μL
was spread superficially onto theMHA plates, and the plates were incu-
bated for 24 h at 37 °C. After incubation, the bacterial colonies were
counted and represented as colony forming units per milliliter (Log),
to plot a time-growth curve.

2.6.4. Crystal violet biofilm assay and HCS-live biofilm staining with
Hoechst

An inert biofilm development assay was performed in 96-well poly-
styrene plates (Corning Co., NY, USA). Briefly, cells were inoculated into
brain heart infusion medium at an initial turbidity of 0.07 (OD600) and
cultured with or without the drug and drug-loaded carrier for 48 h
without shaking. Biofilms in 96-well plates were gently washed with
Milli-Q water and fixed with 200 μL of methanol (99%). Subsequently,
the methanol was discarded, and the wells were dehydrated at 28 °C.
Crystal violet (0.1%) was then added to each well, and the plates were
incubated for 30 min at room temperature. Crystal violet was then re-
moved, and stained biofilms were washed with water. Acetic acid
(33%) was added to the stained biofilms to solubilize the crystal violet,
and the absorbance of the solution was measured at 590 nm, using a
Spectramax microtiter plate reader. The biofilm inhibition percentages
were calculated as

%Biofilm inhibition ¼ 1−
Ac
Ao

� �
� 100

where Ac represents the absorbance of the well with a particular drug
concentration C, and Ao denotes the absorbance of the control well.

2.6.5. Motility and colony-spreading assay
The motility assay was performed by following the method de-

scribed by Suganya et al. [26]. Five microliters (OD adjusted to 0.4 at
600 nm) of P. aeruginosa and B. cereus was point-inoculated into the
midpoint of the soft agar medium (1% peptone, 0.5% NaCl, 0.5% agar,
and 0.5% of filter-sterilized D glucose) with (1/2 MIC) and without
the drug and drug-loaded complex. The plates were then incubated
at 30 °C in a vertical orientation for 12 h and analyzed for reduction
in the areas of colony immigration regions.

3. Results and discussion

3.1. FTIR analysis

The presence of functional groups in antibiotic drugwad encapsulated
with the developed ZnO NPs functionalized HA nanocarrier were
determined by using FTIR spectroscopy. The structure of the formed
ZnO-HA and drug-loaded ZnO-HA was confirmed by FTIR spectroscopy.
The FTIR spectrum of (A) HA, (B) hybrid nanocarrier, and (C) CIPRO-
encapsulated hybrid nanocarrier were determined (Fig. 1). From Fig. 1A,
the peaks are noted in the range of 2917 cm−1and 2838 cm−1owing to al-
iphatic C\\H stretching vibrations of the HA [27]. High-intensity broad
peaks appeared at 1572 cm−1and 1379 cm−1for the C_O stretching of
the carboxylate groups (COO−) in HA. The FTIR spectrum of hybrid
nanocarrier in Fig. 1B was confirmed by the presence of protonated car-
boxylic groups (\\COO) inducing the ZnO-functionalized HA molecule
and asymmetric/symmetric stretching vibrations of C_O, observed at
1741 cm−1 [28]. The formation of ZnOwas confirmed by the bands occur-
ring in the range of 615–900 cm−1. Encapsulation of CIPRO by the
nanocarrier is depicted in Fig. 1C. The signals at 1614 cm−1 showed the
symmetric and asymmetric stretching vibration of the carboxylate
group of CIP anions. Theminor shift in 1017 cm−1 could be due to the in-
teraction of CIPRO molecules with hybrid nanocarrier.

3.2. X-ray diffraction analysis

The crystalline nature of HA, as synthesized hybrid nanocarrier and
drug-encapsulated hybrid nanocarrier was investigated by X-ray dif-
fraction (XRD). The patterns are exhibited in Fig. 2. Pure HA had a single
peak at a 2ϴ value of 28. This indicates the semi-crystallinenature of HA,
and it was functionalized with ZnO forming complete crystalline

Image of Fig. 1
Image of Fig. 2
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structures. The XRD pattern of HA-ZnO showed intensity peaks at 26.7°,
31.8°, 34.5°, 36.3°, 47.6°, 56.7°, 62.9°, 66.4°, 68.0°, 69.2°, 72.7°, and 77.0°,
and it was well correlated with JEPDS file no-79-0205. After encapsula-
tion, the XRD pattern of ZnO-HA-CIPRO retained the intensity of ZnO.
This confirmed the presence of Zinc in both carriers and drug-loaded
carrier [29]. The crystal size was calculated from the XRD patterns.
The average crystal size was 45.53 × 10−9 nm (nanometer) for HA,
39.48 × 10−9 nm for hybrid nanocarrier, and 39.72 × 10−9 nm for
drug-encapsulated hybrid nanocarrier.

3.3. Scanning electron microscopy (SEM) analysis

The morphology of ZnO NPs, hybrid nanocarrier, and CIPRO-
encapsulated hybrid nanocarrier were investigated using SEM spectros-
copy. SEM evaluation provided information on the morphology of
(A) ZnO NPs, (B) hybrid nanocarrier, and (C) CIPRO-encapsulated hy-
brid nanocarrier, illustrated in Fig. 3. Fig. 3A exhibits the well-
aggregated plate-like structure of ZnO NPs. Fig. 3B shows the spherical
shape of hybrid nanocarrier with diameters in the range of 1 μm, and
CIPRO-encapsulated hybrid nanocarrier with diameters in the range of
0.5 μm are shown in Fig. 3C. Moreover, the particles were unevenly
distributed owing to low dispersibility, which resulted in the strict
conglutination of particles, reducing the probability of forming the
spherical particles. This confirmed that the CIPRO-encapsulated hybrid
nanocarrier act as an excellent drug-carrying vehicles [30].

3.4. Transmission electron microscopy (TEM) analysis

The shape and size of the hybrid nanocarrier and CIPRO-
encapsulated hybrid nanocarrier were revealed by TEM analysis
(Fig. 4). The TEM images in Fig. 4A confirm the as-synthesized
nanocarriers are in spherical shape. The particles were agglomerated
owing to the presence of the hydroxyl groups of HA and cross-linking.
Fig. 4B illustrates the CIPRO-encapsulated hybrid nanocarrier; the TEM
image clearly shows that the drugmolecules were loaded on the carrier,
marked with red arrows. This implies that hybrid nanocarrier have
larger space for the encapsulation of drugs [31]. The selected area elec-
tron diffraction (SAED) pattern exposed the inside of the TEM image,
and the SAED spectrum was well correlated with the XRD pattern.

3.5. CIPRO encapsulation efficiency

The potential ability of the synthesized hybrid nanocarrier was de-
termined based on their encapsulation efficiency. The UV spectrum of
the CIPRO encapsulation is shown in Fig. 5. This illustrates that CIPRO
was loaded onto the nanocarrier through the emulsionmethod. The en-
capsulation efficiency increased with increasing time because of the
gradual loading on the pores of the hybrid nanocarrier. Consequently,
Fig. 3. SEM image of (A) ZnO NPs; (B) hybrid nanocarrie
the drug encapsulation efficiency was observed to be nearly 99% at
0 min.

3.6. In-vitro CIPRO release

The drug-releasing properties of the developed carrier were investi-
gated by the commonly used dialysis bag membrane method [32].Vari-
ous physiological environments, such as pH of the body, significantly
influence drug releasemechanisms. The pH is themost important factor
that triggers sustained drug release from the carriers into target cells.
The release behavior of CIPRO from the hybrid nanoparticles was inves-
tigated in PBSwithmedia of different pHs: 2.5, 5.5, 6.8, and 8.0. The con-
centration of the drug and stability of the carriers, as in-vitro drug
release behavior, was studied using UV–vis spectrophotometry. The
λmax values were 334 nm, 316 nm, 297 nm, and 295 nm for pH 2.5,
5.5, 6.8, and 8.0, respectively (Fig. 6). Each pH had its own λmax value,
given that aqueous solubility is pH-contingent. Based on pH assess-
ments, CIPRO was slowly released from hybrid nanoparticles for as
long as 24 h in all testedmedia. As the pH increased from acidic to alka-
line, the percentage of drug release also increased. The drug release per-
centages at 24 h were 87.5%, 98.03%, 97.44%, and 97.24% for the pH
values of 2.5, 5.5, 6.8, and 8.0, respectively. At pH 5.5, the drug release
rate was the highest, because of enhanced solubility, electrostatic inter-
actions, π–π interactions, and hydrogen bonds. Thus, increasing the af-
finity between the as-synthesized hybrid nanocarrier and CIPRO
results in sustained release of the drug [33]. The drug-releasing profile
indicated that CIPRO-loaded nanocarrier is pH sensitive. This is because
the negatively charged HA was adsorbed onto the positively charged
ZnO NPs, owing to the reduced electrostatic repulsion between the
ZnO and HA. Addition of HA on to the ZnO could afford further adsorp-
tion sites for CIPRO and increase CIPRO adsorption onto the hybrid sites
[34].

3.7. In-vitro antibacterial activity of hybrid nanocarrier

3.7.1. MIC and MBC determination
To determine the antibacterial activity of (A) CIPRO, (B) hybrid

nanocarrier, and (C) CIPRO-encapsulated hybrid nanocarrier, the broth
dilution assay was performed. The attained outcomes showed that the
drug at 55 μg ml−1 and drug-loaded complex at 25 μg ml−1 possess ac-
tual antibacterial activity against B. cereus. For P. aeruginosa, theMICwas
found to be 35 μg ml−1 for the drug and 15 μg ml−1 for the drug-loaded
carrier. ZnO NPs are much more effective agents in controlling the
growth of various microorganisms, and they are known to kill various
bacteria, including MRSA [35]. Carrier alone was kept as a vehicle con-
trol and did not possess its own discrete antibacterial efficacy but signif-
icantly aided the drug in its antimicrobial potential. Padmavathy et al.
[36] reported the bacteriostatic and bactericidal effect of ZnO NPs
r; and (C) CIPRO-encapsulated hybrid nanocarrier.

Image of Fig. 3


Fig. 4. TEM/SAED image of (A) hybrid nanocarrier; and (B) CIPRO encapsulated hybrid nanocarrier.
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at a concentration above 400 μg ml−1 against E. coli. Lesser MIC re-
lates to higher antibacterial effectiveness. The MBC was determined
as 80 μg ml−1 and 65 μg ml−1 for drug alone and 60 μg ml−1 and
30 μg ml−1for the drug-loaded carrier against B. cereus and
P. aeruginosa, respectively.

3.7.2. Time-kill kinetics against P. aeruginosa and B. cereus
The time-kill kinetic profiles of the drug and drug-loaded carriers,

shown in Fig. 7, revealed variable degrees of bactericidal and bacterio-
static activities on the tested bacterial strains at the tested concentra-
tions. All the concentrations tested had similar killing rates against
B. cereus and P. aeruginosa after 30 min of incubation. The killing rate
of drug alone was slower than that of the drug-loaded carrier against
B. cereus and P. aeruginosa; bactericidal activities were only detected
after 1 h of incubation at 2×MIC. Treatmentwith a concentration higher
than the MIC of both the drug and drug-loaded complex greatly
inhibited the growth of P. aeruginosa and B. cereus as anticipated. A
noteworthy killing efficacy was observed with the drug-loaded carrier
even at low exposure time, when compared with that of the drug
alone. Complete cell death was observed within 2–3 h of incubation
Fig. 5. In-vitro drug encapsulation
with the drug-loaded carrier and 4–5 h with the drug alone. The aug-
mented sensitivity of S. aureus to ZnO NPs has also been reported
[37,38]. Accordingly, Sawai [39] has stated the strong affinity between
ZnO NPs and S. aureus as the cause of the higher activity of the former
against this microorganism.

3.7.3. Crystal violet biofilm assay and HCS-live biofilm staining with
Hoechst

A wide range of studies regarding the effects of ZnO NPs on bacteri-
cidal activity focused on planktonic free-floating bacterial cells
suspended in nutrient medium [40,41]. Bacterial biofilms grow and
mature on several medical devices, including orthopedic implants, and
play a major role in chronic obstinate infection. Given that bacteria
entrenched in the biofilm are protected by a self-secreted polymeric
matrix, they are often less responsive to traditional antibiotic treatment.
Hence, the present study evaluated the inhibition of biofilms by ZnO
NPs and determined whether the presence of dissolved HA modifies
this tolerance. The drug and drug-loaded carrier were applied as initial
attachment inhibitors on theMTPwells, with post inoculation. A visible
growth reduction was observed at 1× MIC of drug and drug-loaded
profiles of hybrid nanocarrier.

Image of Fig. 4
Image of Fig. 5


Fig. 6. In-vitro drug release profiles of CIPRO-encapsulated hybrid nanocarrier.
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carrier. To minimize antimicrobial effects, sub-MIC levels of the drug
and drug-loaded carrier were used. At 1/2 MIC, the biofilm formation
was decreased by up to 40% and 60% for B. cereus and P. aeruginosa, re-
spectively, upon treatment with the drug; and by 75% and 85%, respec-
tively, upon treatment with the drug-loaded carrier. Furthermore,
phase-contrast micrographs clearly exposed the architecturally com-
plex and dynamic multi-layered matrix construction of B. cereus and
Fig. 7. Time-kill kinetics curve of (A) Bacillus
P. aeruginosa biofilms in the control, whereas the drug and drug-
loaded carrier (1/2MIC)–treatedmicrographs lacked suchmatrix struc-
tures. The observations of the disruption of biofilm formationwere sup-
ported by high content screening analysis, using Hoechst staining,
which showed unstructured biofilm formation upon incubation with
the drug (Fig. 8). Reduction in blue fluorescence was recorded in the
case of drug treatment.
cereus; and (B) Pseudomonas aeruginosa.

Image of Fig. 6
Image of Fig. 7


Fig. 8.HCS analysis of biofilm inhibition by Hoechst staining. (A) Control Pseudomonas aeruginosa biofilm; (B) Pseudomonas aeruginosa biofilm incubated with 1/2 MIC of drug alone; and
(C) drug-loaded carrier; (D) control Bacillus cereus biofilm; (E) Bacillus cereus biofilm incubated with 1/2 MIC of drug alone; and (F) drug-loaded carrier.
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3.7.4. Motility and colony-spreading assay
A combination of motility and colony development facilitates bacte-

ria to sense and chase nutrients and reach and up hold their preferred
niches for colonization. Therefore, motility appears to play a role
Fig. 9.Motility inhibition. (A) Control Pseudomonas aeruginosa spot inoculated; (B) Pseudomona
Bacillus cereus; (E) Bacillus cereus incubated with 1/2 MIC of drug alone; and (F) drug-loaded c
principally in the prompt stages of infection, facilitated by colonization
and adherence through flagella [42]. The drug and drug-loaded carrier
triggered a significant anti-motility effect against both B. cereus and
P. aeruginosa, effectively slowing their growth at the center of the soft
s aeruginosa incubatedwith 1/2MIC of drug alone; and (C) drug-loaded carrier; (D) control
arrier.

Image of Fig. 8
Image of Fig. 9
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agar plates (Fig. 9). The anti-motility effect limits the range of the bacte-
rial movement in plates, with a limited number of cells, and consequently
reduces biofilm formation. For P. aeruginosa, pyocyanin synthesiswas also
inhibited owing to motility arrest.

4. Conclusion

The synthesis of hybrid nanocarrier containing encapsulated CIPRO
drugs was demonstrated using simple emulsion techniques. CIPRO was
successfully encapsulated in hybrid nanocarrierwith high loading absor-
bance of 295 nm (λmax value). CIPRO can be used as a pH-sensitive drug
delivery vehicle, where the drug is released slowly under physiological
conditions for as long as 24 h in media at various pHs (2.5, 5.5, 6.8, and
8.0). Nevertheless, at pH 5.5 the drug release rate was the highest. XRD
confirmed the crystalline nature of the synthesized hybrid nanocarrier
and CIPRO-encapsulated hybrid nanocarrier. SEM and TEM images illus-
trated the encapsulation of CIPRO into the hybrid nanocarrier, in the
range of 200 nm. CIPRO-encapsulated hybrid nanocarrier exhibited
higher antibacterial activity against both gram-positive and gram-
negative bacteria than did hybrid nanocarrier and drug alone. These re-
sults justify the use of this newly developed hybrid nanocarrier as an al-
ternative and suitable carrier for the remedy of bacterial infections,
owing to its high biocompatibility, biodegradability, safety, and cost-
effectiveness.
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