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This study targets to develop curcumin-loaded polyvinyl alcohol/cellulose nanocrystals (PVA/CNCs) membrane
as localized delivery system for breast/liver cancer. A novel strategy was developed for enhancing encapsulation
capacity and maximizing therapeutic efficiency of curcumin-loaded PVA/CNCs membranes. Membranes were
prepared by solution-casting method using citric acid as crosslinker. SEM revealed that PVA/CNCs ratio (80:20)
was chosen as the optimum for loading curcumin. FT-IR indicated that, curcumin was incorporated into PVA/
CNCs in amorphous-phase via intermolecular hydrogen bond between curcumin and membrane components.
Curcumin showed biphasic-release through burst-release of 41% of curcumin during the first hour, followed by
sustained-release of 70% and 94% during 24 h and 48 h, respectively. In vitro cytotoxicity of PVA/CNCs/Curcumin
membrane exhibited a selective inhibition proliferation of breast and liver cancer cells in a concentration-
dependent without any toxic effect on normal cells. At high concentration (8mg/ml) of PVA/CNCs/Curcumin, re-
duced viability to 35% and 7% ofMCF-7 andHuh-7 cells, respectively;meanwhile highHFB-4 normal cell viability
≥80% was investigated. Antimicrobial activity of PVA/CNCs/Curcumin was investigated by multi-drug-resistant
strains, and MIC values. PVA/CNCs/Curcumin membranes with concentration (40 mg/ml) showed broad-
spectrum antimicrobial activities, thus inhibited ~96–99% of microbial growth. PVA/CNCs/Curcuminmembranes
could be as promised anti-infective biomaterials for breast and liver cancer wound healing.

© 2020 Published by Elsevier B.V.
1. Introduction

Cancer diseases are the second reason of death worldwide, estimat-
ing around 9.6 million deaths according toWHO report of 2018 [1]. The
most popular men's cancer types are lung, prostate, colorectal, stomach
and liver, while breast, colorectal, lung, and cervical cancer are themost
familiar among women. Currently, several approaches have been in-
volved in treatment of breast and liver cancer such as; chemotherapy,
radiation, surgery or combination of them. However, these current
treatments resulted in deadly side-effects and development of drug-
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resistance [2]. Therefore, the development of an effective anticancer
agent with low side effects is still one of public health problems
worldwide.

At present, researchers focused on development of anticancer ther-
apy from plant derivative compounds [3]. For example, curcumin is a
poly phenol plant derived compound, extracted from herb Curcuma
longa (Turmeric). Curcumin is consisting of two methoxylated phenols
linked via two α, and β unsaturated carbonyl groups [4]. Curcumin is
considered bioactive molecule, since it has wide range of pharmacolog-
ical action e.g. anti-inflammation, antioxidant, antimicrobial, outstand-
ing anticancer and anti-angiogenesis properties [5]. To date, curcumin
has shown anticancer activity against wide-range of cancer types in-
cluding; breast, liver, thyroid, colon, leukemia, prostate, lung, ovarian
and pancreatic cancer cells via its ability to induce apoptosis; as well
as inhabited steps of carcinogenesis process as cell adhesion, invasion,
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migration andmetastasis. Also, curcumindoesn't cause any toxic-effects
on normal cells [6]. However, the clinical usage of curcumin as antican-
cer agent is a somewhat restricted, owing to its poor pharmacokinetics,
poor water-solubility or blood stream and poor oral absorption; thus a
low bioavailability occurred. In addition, the rapid metabolism and
high elimination rate from systemic circulation that has been arisen
from an initial burst release effect and hence, a high peak plasma con-
centration [4,5].

Recently, nanotechnology and polymeric composite biomaterials
represented a golden approach for developing numerous nano-
formulations as delivery system for curcumin; such as polymeric nano-
particles, liposomes, dendrimers, hydrogels, nano-emulsion, nanofibers,
lipid carriers, polymeric micelles, and polymeric blend films. The devel-
oped curcumin delivery system to cancer cell could enhance the effi-
cacy, improve solubility and bio-availability, might sustain the release
behavior, increase circulation half-life, and decrease the rate of degrada-
tion [7]. Accordingly, restrictions of curcumin utilization as anticancer
agent could be overcome and developed.

Biopolymers e.g. alginate, dextran, chitosan and cellulosic represent
an interesting area of research and are extensively utilized in various
medicinal applications, especially drug carriers owing to their biocom-
patibility, non-toxicity, non-carcinogenicity, and their acceptable phys-
iochemical properties [8]. Recently, several formulations of curcumin
were reported; where Wang et al., reported a novel anticancer activity
of aptamer functionalized curcumin chitosan nanoparticles against
colon cancer HC29 based on increased curcumin cellular internalization
by active target delivery of curcumin to cancer cells. However, an ad-
verse toxic effect on normal cells were detected [9].

Nowadays, blended nano-composite hydrogel membranes of syn-
thetic and natural polymers are regarded a novel class of drug delivery
system for biomedical applications particularly, for cancer therapy and
diagnosis, owing to good mechanical properties, biocompatibility, low
cost and sustained release profile of used biomaterials [10]. In general,
solution-casting method was the common technique used to fabricate
polymeric nanocomposite membranes through dispersion of nano-
particles along with polymer in casting solution prior to membrane
casting. [7,8].

Cellulose nanocrystals (CNCs) or nanowhiskers are homo-polymer
of D-glucose with dimensions typically (2–50 nm in width and
100–2000 nm in length). CNCs are type of cellulosic biopolymer that
have been received attention of many researchers, owing to their
renewability, environment- friendly, high surface areas, excellent me-
chanical properties and elevated crystallization. Moreover, needle-
shaped (CNCs) are good biodegradable, biocompatible and nontoxic to
wide range of human cells. Therefore, CNCs are considered an ideal can-
didate to be applied in variety of biomedical fields e.g. tissue regenera-
tion, wound healing and drug carrier [11,12]. Folic acid-conjugated
CNCs were synthesized previously for targeted delivery of chemothera-
peutic agents to folate receptor-positive cancer cells [13]. Polyvinyl alco-
hol (PVA) is a synthetic polymer, which was used in different
pharmaceutical industries due to its biocompatibility, biodegradability,
thermal stability, and absence of toxicity. PVA has good membrane-
formability owing to abundance of -OH groups and, thus the formation
of intermolecular hydrogen bonding is easily happened [14].

Currently, polymeric-nanoparticles are involved in fabrication of
various curcumin membranes, film, and thin film for different biomed-
ical applications. For instance, fabrication of thin-film from curcumin-
loaded cellulose nanocrystals incorporating into PVA for targeted
wound dressing applications [4]. El-Nashar et al. reported that PVA/
Curcumin composite film as effective treatment for human liver cancer
[15]. Whereas, Subtaweesin et al. also developed curcumin loaded bac-
terial cellulose film against malignant melanoma cells without any re-
duction in cell variability % of normal skin cells [16]. Therefore,
curcumin-loaded film might act as a novel and promising localized-
anticancer agent against breast and liver cancers through its selectivity
to inhibit their growth without any harmful effects to normal cells. This
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target was achieved thought enhancing the encapsulation efficiency
and maximizing the therapeutic impact of loaded-curcumin via strict
sustainable-release profile due to incorporation of CNCs nanoparticles.

This study aims to develop curcumin-loaded PVA/CNCs hydrogel
composite membranes for treating breast and liver cancer wounds.
Novel attemptswere conducted in vitro for overcomingprevious clinical
restrictions of curcumin applications as anticancer agent, by enhancing
its anticancer properties via increase its cellular uptake, sustained re-
lease profile, and improve pharmacokinetics and therapeutic index. In
addition, the selectivity properties of prepared curcumin-loaded PVA/
CNCs hydrogel membrane were screened by investigating its toxic ef-
fects on normal human skin melanocyte cell line.

2. Materials and methods

2.1. Materials

Rice strawwas donated from (Kafr El-Sheikh rice-farms, Egypt). So-
dium hydroxide powder (NaOH, 97%) was obtained from Lobachemie,
India. Sodium chlorite (purity 80%) was obtained from Fluka,
Germany. Acetic acid glacial (99.0%) was purchased from Merk-
millipore, UK. Sulfuric acid (purity 95–98%), was purchased from
(Sigma Aldrich, Germany). Polyvinyl alcohol (PVA, average Mwt =
72,000 g/mol; 95% hydrolyzed) was obtained from Loba chemie, India.
Citric acid anhydrous (CA) was obtained from Sigma-Aldrich Chemie
GmbH, Steinheim, Germany. Curcumin (Mwt = 368.38) was obtained
from BIO-BASIC INC., Canada.

2.2. Preparation of PVA/CNCs/curcumin membranes

2.2.1. Isolation and characterization of CNCS from rice straw
The process of cellulose extraction from rice straw followed by

converting to CNCs, was conducted according to the procedure of Lu
et al. with minor modification as displayed in Fig. S1 (supplementary
data) [17]. In brief, rice straw was washed, grained, and de-waxed
using (2:1, v/v) toluene/ethanol for 20 h. Then, de-waxed rice straw
was alkaline treated by 10% (w/v) of NaOH at 100 °C for 60 min in rota-
tor pressure reactor. Washing process was kept continuously till
reaching to neutral pH value, followed by delignification by 1% (w/v)
of NaClO2 with boiling the mixture for 120 min. at pH ~ 4 using glacial
acetic acid. After washing, extracted cellulose fibers were converted to
CNCs by mixing with 64 wt% sulfuric acid with a harsh stirring for fur-
ther 1 h at ambient conditions. The obtained CNCs suspension was
washed and centrifuged at (15,000 rpm, for 30 min) to remove an ex-
cess of acid. The obtained CNCs were lyophilized for 48 h, while resul-
tant CNCs were characterized by TEM (JEOL JEM-2100, JEOL, Japan) for
determining their shape and size, respectively.

2.2.2. Preparation and optimization of PVA/CNCs hydrogel membranes
The PVA/CNC hydrogel membranes were prepared using a solution-

castingmethod,while citric acidwas used as a chemical safe crosslinker.
Aqueous solutions of (10%, w/v) PVA was dissolved in hot distilled
water at 80 °C for 3 h, and suspension solution of (1.5%, w/v) CNCs
were mixed at various volume ratios; (PVA: CNCs) of (80:20, 60:40,
and 50:50, respectively) under constant stirring for 3 h at 50 °C. A
1.0 ml of glycerol was added as a plasticizer for each membrane sample
and 2% (w/v) (~0.3 g) of CA crosslinker was well dissolved in the PVA/
CNCs mixture and stirred for further 1 h at room temperature. PVA/
CNCs/CA solution was ultra-sonicated for 30 min avoiding any heat,
and then resultant homogeneous solution was poured in a plastic Petri
dish, followed by drying in an oven at 80 °C for 18 h.

2.2.3. Preparation of PVA/CNCs/Curcumin hydrogel composite membranes
PVA/CNCs/Curcumin hydrogel membranes were prepared as

0.32 wt% of curcumin solution ca. (500 μL) was dispersed in 2.0 wt%
CA crosslinked PVA/CNCs (80:20) solution mixture as aforementioned.



Y. Hussein, S.A. Loutfy, E.A. Kamoun et al. International Journal of Biological Macromolecules 170 (2021) 107–122
The mixture was kept under stirring for 30 min at ambient conditions.
PVA/CNCs/Curcumin mixture was homogenized in an ultrasonic bath
for 30 min, then casted in a plastic Petri dish and dehydrated in an
oven at 60 °C for 24 h.

2.3. Characterization of PVA/CNCs/Curcumin hydrogel membranes

SEM: The surface morphology of hydrogel membranes was in-
vestigated by SEM (FS SEM, Quattro S, Thermo-Scientific, USA).
FTIR: The binding among hydrogel membrane compositions was
verified by FTIR (Bruker Vertex 70, Germany) the spectrum was re-
corded between 4000 and 400 cm−1 using transmittance modes.
XRD: Crystalline phases of PVA, CNCs, PVA/CNCs hydrogel mem-
brane and PVA/CNCs/Curcumin hydrogel membrane were measured
by XRD using (X Ray Diffractometer, Panalytical EMPYREAN, UK).
Intensity scan was recorded at ambient condition over scattering
2θ = 5°–80° with a step increment of 0.02°/s. Mechanical proper-
ties: Young's modulus, elastic modulus, maximum displacement,
maximum stress, maximum force and elongation at break of dried
hydrogel membranes were teste using Shidmadzu universal tensile
testing machine (model: AG-I, Shidmadzu, Japan).

2.4. Physicochemical measurements of PVA/CNCs/Curcumin hydrogel
membranes

2.4.1. Swelling study
The swelling percentage or water uptake percentage of mem-

branes was determined by testing the membrane ability to absorb
water or any physiological fluids versus time intervals. Four mem-
branes were soaked in distilled water at 37 °C. After intervals
times, membranes were weighed individually (We). The degree of
swelling or water uptake (%) of membranes were calculated as
given equation [18].

Swelling %ð Þ ¼ Ws−We=Weð Þ � 100 ð1Þ

where, (Ws) is the weight of swollen sample and (We) is the weight of
dried sample after soaking.

2.4.2. In vitro hydrolytic degradation
The hydrolytic degradation of membranes was determined by im-

mersing ofmembranes in distilledwater at 37 °C versus the degradation
time intervals. Weight loss (%) was calculated after reaching tested
membranes to the equilibrium-swelling state using the given formula
[19].

Weight loss %ð Þ ¼ W0−Wtð Þ=W0½ � � 100 ð2Þ

where, W0 is the original weight of membrane, Wt is the weight of
membrane at specific incubation time.

2.4.3. In vitro curcumin release profile study
The profile released curcumin from PVA/CNCs/Curcumin mem-

brane was determined by membrane diffusion method. Sample of
PVA/CNCs/Curcumin membrane was immersed in 20 ml of PBS
with 5% (v/v) of DMSO as release medium at pH ~ 6 [20]. At interval
times (0, 0.5, 1, 2, 6, 12, 24, and 48 h), the concentration of released
curcumin was quantified by spectrophotometer (Agilent Technolo-
gies, Cary series UV–Vis-NIR, Korea) at 435 nm. The concentration
of released curcumin from membrane was calculated based on a
curcumin standard curve. Released curcumin (%) was estimated as
the given equation:

Release %ð Þ ¼ released curcuminð Þ= total curcuminð Þ � 100 ð3Þ
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2.5. In vitro bioevaluation tests of PVA/CNCs/Curcumin hydrogel
membranes

2.5.1. Cell culture
The Huh-7 human hepato-cellular carcinoma cell line and MCF-7

human breast adeno-carcinoma cell line were obtained from
American Type Culture Collection (ATCC) and HFB-4 human dermal
skin melanocyte cell line was purchased from VACSERA-Egypt. Cells
were cultured and maintained in DMEM media (Gibco, South
America) supplemented with 10% heat-inactivated FBS (FBS, Gibco,
South America), 2% penicillin/streptomycin (10,000 U/ml, Lonza, NJ,
USA) and 1% of L-Glutamine (Gibco, South America). Cells were main-
tained in monolayer culture at 37 °C under 5% CO2 incubator. Cells
were sub-cultured by trypsinization (170,000 U/l trypsin and 200 mg/l
EDTA; Lonza, NJ, USA).

2.5.2. Cytotoxicity by MTT assay
In vitro cell viability of Huh-7, MCF-7, and HFB-4 cell lines in re-

sponse to curcumin, PVA/CNCs and PVA/CNCs/Curcumin hydrogel
membranes were assessed by MTT assay test as described elsewhere
[21]. Different concentrations of curcumin (100, 50, 25, 12.5, and
6.25 μM) and two membranes (2, 4 and 8 mg/ml) were added to the
cell monolayer. The percentage of cell viability is accounted according
to the given equation.

Cell viability %ð Þ
¼ mean OD of test sample=mean OD of negative controlð Þ � 100ð4Þ

2.5.3. In silico study: Docking of curcumin in binding groove of cyclin D1
Curcumin was docked into the binding groove of cyclin D1 (PDBID:

2 W. The binding groove was identified by superimposing the crystal
structure phosphorylated cdk2-cyclyin A-substrate peptide complex
(PDBID: 1qmz) on CDK4-Cyclin 1 (2 W99) then deleting the substrate
peptide and cyclin-dependent kinase.Molecular interactionswere stud-
ied using ViewDock in UCSF Chimera and images generated using UCSF
Chimera and Discovery Studio Visualizer (Dassault Systèmes BIOVIA,
2016) [22].

2.5.4. In vitro cell morphological examination
The cytotoxic effect of high concentration (8mg/ml) of PVA/HA and

PVA/CNCs/Curcuminmembraneswas followedmicroscopically by fluo-
rescence inverted microscope (Axio Observer 5, Carl Zeiss, Germany)
(100× magnifications) after treatment of all used cells (Huh7, MCF-7,
and HFB-4).

2.5.5. Flow cytometric cell cycle analysis
Cell cycle distribution of treated cells was studied using DNA PREP

Kit (supplied by Beckman Coulter USA, Inc. Brea, CA 92821). Monolayer
cells treated with IC50 concentration of curcumin for each type of tested
cell lines (Huh7, MCF-7 and normal human cell lines), washed twice
with PBS by centrifugation for (5min). A 100 μl of single cell suspension
was added to 100 μl LPR to obtain a final cell concentration of
3–5 × 106 cells/ml. Two milliliter of DNA PREP Stain was added and in-
cubated for 30 min. Acquisition was done on flow-cytometry of 10,000
events to calculate the percentages of cells occupying the different
phases of the cell cycle (Beckman Coulter, Epics XL), using instrument
software.

2.6. Antimicrobial activity

2.6.1. In vitro assessment of antagonistic efficiency for composite hydrogel
membranes

The used human pathogens were provided from Bioprocess Devel-
opmentDep., Genetic Engineering and Biotechnology Research Institute
(GEBRI), City of Scientific Research and Technological Applications
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(SRTA-City), Alexandria, Egypt. Human pathogens consisted of five
Gram –ve bacteria (Escherichia coli, Enterobacter aerogenes, Klebsiella
pneumonia, Enterobacter cloacae, and Pseudomonas aeruginosa), six
Gram+ve bacteria (Staphylococcus aureus, Salmonella typhimurium, Ba-
cillus cereus, Listeria monocytogenes, Streptococcus pneumonia, and Bacil-
lus pumilus), and Candida albicans as fungal cells.

2.6.2. Antimicrobial susceptibility assay for tested human pathogens
The used human pathogen strains were tested for detecting their

antibiotic sensitivity using different antibiotics such as ampicillin/
sulbactam (40 mg), chloramphenicol (30 μg), penicillin (10 U),
cephradine (30 μg), nitrofurantoin (300 μg), ampicillin (10 μg), genta-
micin (10 μg), tetracycline (40 mg), kanamycin (40 mg), erythromycin
(40 mg), and ciprofloxacin (40 mg) via disc-diffusion method [23].
Since, lawn pathogen plates were prepared using a nutrient agar me-
dium, which composed of (0.5% peptone, 0.3% yeast extract, 0.5% of
NaCl, and 1.5% of agar). Then, the antibiotic discs were put aseptically
on lawn plates and incubated at 37 °C for 18 h, and then the
multidrug-resistant human pathogens (MDRHP) were detected.

2.6.3. Detection of antagonistic efficiency for composite hydrogel membranes
Active components released from hydrogel membranes are consid-

ered as an important factor in an antimicrobial assessment. So, antimi-
crobial activities of crosslinked PVA/CNCs (S1), crosslinked PVA/CNCs/
Curcumin (S2), and uncross-linked PVA/CNCs (S3) composite hydrogel
membranes were surveyed against multidrug human pathogens using
different diffusion methods. In these experiments, the polymerized
(100 mg/ml) and un-polymerized (50 mg/ml) composites were tested
using discs- and well-diffusion methods, respectively [24,25]. Since,
agar plates were prepared using Mueller-Hinton agar medium (0.2%
beef extract, 1.8% casein hydrolysate, 0.2% starch, and 1.7% agar) for bac-
terial cells, and potato dextrose agar medium (20% potato infusion, 2%
Fig. 1. TEM images of cellulose nanocrystals (CNCs) produced by differen
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dextrose, and 2% agar) for fungal cells. Then, plates were inoculated
with 100 μl of 1.5 × 108 CFU/ml of fresh bacterial cells or spore suspen-
sion of pathogens and left to dry at refrigerator at 4 °C for 2 h. Agarwells
were dug on some of lawn plats using a 5 mm Cork borer then loaded
with 50 μl of un-polymerized composites (50 mg/ml) separately, then
these plates were left for 6 h at 4 °C, to allow the diffusion occurs. Addi-
tionally, 5 mm discs of polymerized composites (100 mg/ml) were put
aseptically on other lawn plates. Subsequently, these plates were incu-
bated at 37 °C for 24 h for bacteria, while fungal plates were incubated
at 28 °C for 48 h. The antagonistic efficacies of tested composites were
determined using three replicates of inhibition zones (mm).

2.6.4. Determination of minimum inhibitory concentration (MIC)
Serial dilutions of (20, 40, 60, 80, and 100 μl) from each un-

polymerized composites (S1, S2, and S3) were prepared and assessed
using dilution method, as the guidelines of clinical and laboratory stan-
dard institute [26,27]. Since, MIC was known as the minimum concen-
tration of antimicrobial agents that inhibit a 95% of microbial growth
in comparison with the negative control. The antimicrobial efficiency
could be calculated using Eq. (5) to detect the inhibitory proportional
factor (Af) using the maximum microbial absorbance at 600 nm with
(AP) and without (AC) the tested membranes.

Af %ð Þ ¼ AC−AP

AC

� �
� 100: ð5Þ

2.7. Statistical analysis

Three replicas were conducted for each sample and the final data of
antimicrobial results; were subjected to statistical evaluation by one-
way analysis variance (p ≤ 0.05) using Minitab 17 software.
t reaction conditions (with 200 nm (up) and 500 nm (down) scales).
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3. Results and discussion

3.1. Preparation of Cellulose nanocrystals (CNCS)

Needle or rods like-shaped CNCs were obtained from rice straw
cellulose by sulfuric acid hydrolysis process, through cleavage the
amorphous regions and leaving acid resistant crystalline regions of
cellulose fibers. The obtained CNCs needles showed a dimension of
(160–210nm in length and 20–37nm inwidth). Fig. 1 displays themor-
phology and degree of homogeneity of CNCs by TEM investigation.

3.2. Preparation and optimization of PVA/CNCS and PVA/CNCs/Curcumin
hydrogel composite membranes

PVA/CNCs composite hydrogel membranes with variable mixing
ratio of PVA: CNCs (80:20, 60:40, and 50:50 (v/v)) were prepared by a
Fig. 2. SEM images of a) PVA/CNCs (80:20), b) PVA/CNCs (60:40), c) PVA/CNCs (50:50)
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solution-casting procedure, using 2% of CA crosslinker. It is observed
that, formation of uniform, homogenous and smooth surface mem-
braneswere observedwith lowCNCs contents. Therefore, the optimized
PVA/CNCs ratio composition was found as (80:20) with 2% citric acid.
Subsequently, this ratio of PVA:CNCs (i.e. 80: 20), was chosen as proper
membrane composition ratio for curcumin delivery system to cancer
cell. It was noticed that, color of PVA/CNCs membrane turned into a
bit yellow after loading of curcumin, due to the dispersion of loaded-
curcumin into PVA/CNCs membrane network.

3.3. Characterization of PVA/CNCs composite hydrogel membranes

3.3.1. Scanning electron microscope (SEM)
SEM was employed to investigate the surface morphology of PVA/

CNCs composites hydrogel membranes with different volume ratios
(PVA: CNCs; 80:20, 60:40, and 50:50), (Fig. 2A, B, and C), respectively.
and d) PVA/CNCs/curcumin (original magnification 5000×, 10,000× and 20,000×).



Fig. 3. FTIR spectra of a) PVA, CNCs, uncrosslinked PVA/CNCs, crosslinked PVA/CNCs and
PVA/CNCs/curcumin. b) Crosslinked PVA/CNCs hydrogel membranes with different
volume ratios (80:20, 60:40 and 50:50).
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SEM images show CNCs dispersed as white-needles onto surface of hy-
drogel membranes, where the density of white-needles or dots appears
with increasing of CNCs contents in membranes. It is noticed also that,
CNCs were well dispersed in PVA/CNC composite membranes with vol-
ume ratio (80:20), compared to other ratios. A somewhat similar result
was observed with ratio of (60:40) of PVA/CNC composite membranes
(Fig. 2B), however small aggregates were detected. Unlike, the surface
morphology in case the ratio of (50:50) of PVA/CNCs composite hydro-
gel membranes appears as rough texture and large aggregates with for-
mation of small cracks. These findings are consistent with that obtained
by Geng, et al., who demonstrated that high concentration of CNCs tend
to be broken instead of pulled out of the matrix composed of chitosan/
CNCs membranes [28]. In case PVA/CNCs/Curcumin, SEM images pres-
ent formation of homogenous structure with a little fair distributed
curcumin, that was easily observed through formation of dark and
light-zones of loaded-curcumin (Fig. 2D). Furthermore, increase in
quantity of formed cracks with high volume ratio of incorporated
curcumin into membranes. These morphological changes might be at-
tributed to the wide difference of homogeneity or miscibility degrees
between curcumin andmembrane ingredients (i.e. PVA and CNCs) [29].

3.3.2. Mechanical properties
The mechanical stability were expressed in five measured parame-

ters for example; tensile strength or Young's modulus, elongation at
break %, elastic modulus, maximum stress andmaximumdisplacement,
(Table.1). Notably, mechanical measurements of hydrogel membranes
were improvedwith increase of CNCs contents inmembranes.Whereas,
hydrogel membranes with composition of (PVA: CNCs; 60:40) showed
the highest mechanical stability, compared to other volume ratio of
membranes. This was owing to the strong inter/intra-molecular hydro-
gen bonds interaction between CNCs and PVA matrix, which might be
restricted the motion of PVA chains by interfacial adhesion with CNCs
[30,31]. In case of high CNCs content in membranes (PVA: CNCs;
50:50), the overall mechanical parameters deteriorated significantly
with observation of brittleness of membranes. The reduction of me-
chanical stability of hydrogel membranes with high CNC contents
were explained as a result from CNCs aggregation after reaching a cer-
tain concentration. Hence, non -homogenous distribution of CNCs in
PVA matrix resulted in disturbing the interaction between CNCs and
PVA chains, resulting cracks formation is initiated, and significant reduc-
tion of mechanical properties of membranes occurred. This behavior
was found to be a common phenomena in composite membranes or
thin film using CNCs, as similar result was obtained during preparation
of chitosan film reinforced with a varied content of CNCs [32]. On the
other hand, it is noticed observable regression in all mechanical param-
eters up to addition of curcumin, this might be owing to hydrophobic
property of curcumin that further disrupts hydrogen bonding between
CNCs and PVA chains [16].

3.3.3. Fourier transform infrared spectroscopy (FT-IR)
The FT-IR spectra of PVA, CNCs, uncrosslinked/crosslinked PVA/CNCs

and crosslinked PVA/CNCs/Curcumin composite hydrogel membranes
were analyzed to verify the nature of chemical interaction amongmem-
brane components, as presented in Fig. 3a. FTIR spectrum of pure PVA
shows O\\H stretching vibration at ѵ 3294 cm−1, additionally
Table 1
Mechanical properties of PVA/CNCs composite hydrogel membranes with different volume
membranes.

Membrane composition Young's modulus (M Pa) Elastic modulus (N/mm2) M

PVA/CNCs (80:20) 211 2.1 5
PVA/CNCs (60:40) 221 2.35 5
PVA/CNCs (50:50) 198 2 4
PVA/CNCs/Curcumin 185 1.98 2
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characteristic peaks assigned to stretching vibrations of C\\O, C\\H
and acetyl group (C=O) are detected at ѵ 1077, 2921 and 1687 cm−1,
respectively. The bending vibration of ѵ 1373–1430 cm−1 belongs to
CH2 groups is detected.

For CNCs, characteristic peaks are shown at ѵ 3298, 2902, 1415 and
1328 cm−1, due to O\\H region, C\\H stretching vibration, CH2 sym-
metric bending, and CH2 wagging at C-6, respectively. While, traces of
sulfate ester bonds which are induced by remained sulfuric acid-
hydrolysis process during CNCs extraction, are indicated by peaks at ѵ
1060, 1110 and 1160 cm−1 [33].

In case of uncrosslinked PVA-CNC membrane; changes in intensity
shape of main signal were observed. In addition, O\\H stretching vibra-
tion peak shifted to lower wavenumber at 3280 cm−1, owing to the
overlapping of intermolecular hydrogen bonded with O\\H of PVA,
CNCs and with each other. Also, a new peak at ѵ 2919 cm−1 is detected
which correspond to intermolecular hydrogen bonded between PVA
ratios as (80:20), (60:40) and (50:50), and PVA/CNCs/Curcumin composite hydrogel

aximum displacement (mm) Elongation- at-break (%) Maximum stress (N)

5 415 31
8 568 35
5 420 30
9 328 22
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and CNC. These results are regular with results of Popescu, et al. and
Voronova, et al., who revealed that presence of physical interaction be-
tween PVA and CNCs by H bonded OH groups during blend polymers
preparation [34,35].

In case of crosslinked PVA/CNCmembranes, a clear carbonyl peak at
1710 cm−1 is observed, owing to formation of carboxylic-esters linkage
between polymer's chains and crosslinker. Moreover, peak correspond-
ing to O\\H at (ѵ 3600–3000 cm−1) shows broaden, and shifting to
higher wave number at ѵ 3320 cm−1. Furthermore, it was noticed that
a reduction of intensity of this peak compared to O\\H peak of free
PVA and CNCs. This phenomenonhas been resulted from the conversion
of -OH during the esterification reaction [36]. Previously, appearance of
similar peak at ѵ 1734 cm−1 during fabrication PVA/CNCs crosslinked
with maleic anhydride [18].

Fig. 3b displays changes in spectrum peaks of PVA/CNCs composite
hydrogel membranes as function of different volume ratios of mem-
brane composition as; (PVA: CNCs) (80:20, 60:40 and 50:50). It was ob-
served that a band between ѵ 3500–3000 cm−1 appears in all ratios that
is assigned to free O\\H stretching vibration of –OH groups. This band
arises from intramolecular hydrogen bonds within PVA and CNCs
Fig. 4. a)XRD of PVA, CNCs, crosslinked PVA/CNCs and PVA/CNCs/curcumin. b) Swelling (%) of c
curcumin.
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polymers chains and intermolecular hydrogen bonding between –OH
groups of PVA and CNCs. As seen, the addition of CNC might cause a
shift toward higher wave number [37]. On the other hand, the intensity
of peak at ѵ 1710 cm−1 is ascribed to C_O group of esterification in PVA
matrix is disproportional to contents of CNC. The reduction of peak in-
tensity might be owing to formation of hydrogen bonds between PVA
and CNC [38].

After incorporation of curcumin into membranes, additional two
peaks around 713 and 950 cm−1 are found, due to the aromatic skeletal
vibrations of C\\H aromatic and benzoate groups. This speculation con-
firms the loading of curcumin onto hydrogel membrane [16]. Also, it is
noticed that intensity decreasing of the band at ѵ 1710 cm−1, moreover
a peak belongs to O\\H (ѵ 3600–3000 cm−1) is reduced and shifted to
lower wave number from ѵ 3320 to 3298 cm−1. Notably, in case PVA/
CNCs/Curcumin membranes; the peak at ѵ 2919 cm−1 shows sharper
intensity compared to PVA/CNCs free-curcumin, and this is explained
by formation of intermolecular hydrogen bond between curcumin and
other membrane components. Thereafter, curcumin presents a physical
conjugation in PVA/CNCs composite hydrogel membranes. This expla-
nation was previously proven, where it was found that the curcumin
rosslinked PVA/CNCswith different volume ratio (80:20, 60:40 and 50:50) and PVA/CNCs/



Fig. 5. a) Released curcumin profile from curcumin loaded PVA/ CNCs membrane. b)
Hydrolytic degradation as weight loss (%) of crosslinked PVA/CNCs with different
volume ratio (80:20, 60:40 and 50:50) and PVA/CNCs/curcumin nanocomposite
membranes.
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incorporation into PVA could be occurredwithout any chemical interac-
tions [39].

3.3.4. X-ray diffraction (XRD)
XRD diffraction patterns of PVA, CNCs, crosslinked PVA/CNCs and

crosslinked PVA/CNCs/Curcumin hydrogel membranes are pre-
sented in Fig. 4a. PVA shows clear two patterns at 2θ values of
19.5° and 40.7°, while the diffraction peaks of CNCs are detected at
2θ of 14.6°, 16.5°, 22.5°, 34.44° and 47°, which are characteristic for
cellulose I.

In case of crosslinked PVA/CNC membrane, peak of CNC at
2θ ~ 22.50 is observed clearly that proves the successful incorpora-
tion of CNCs into composite membrane [37]. At the same time,
some of characteristic diffraction peaks of CNCs and PVA disappeared
and overlapped unexpectedly, indicating change of crystallography
of PVA and CNCs. Furthermore, new diffraction peaks arise that re-
vealing the possibility of formation of new crystal planes. These re-
sults revealed presence of interactions between CNCs and PVA
through hydrogen bonding, which might dislocate the ordered ag-
gregates and crystalline structures of polymer matrix [40]. On the
same context, pure curcumin displayed highly crystallinity with
sharp characteristic peaks located at 2θ of 7.96°, 8.9°, 12.26°,
14.54°, and 17.24° [41]. After loading the curcumin into PVA/CNCs
membrane, characteristic peaks of curcumin disappeared and over-
lapped completely; however characteristic peak of PVA at 2θ =
19.5° was observed in all patterns of membranes representing the
semi-crystalline region of partially hydrolyzed PVA [37]. This obser-
vation indicates that the curcumin was immobilized in membrane in
amorphous phase; however, amorphous phase is the favored physi-
cal state of curcumin since it facilitates the easy-diffusion of
curcumin from the membrane matrix. [41], furthermore similar
amorphous behavior of curcumin was observed after entrapment in
gelatin films [19].

3.4. Physicochemical measurements of PVA/CNCs/Curcumin composite hy-
drogel membranes

3.4.1. Swelling study
The swelling affinity of all membranes was tested as shown in

Fig. 4b; it shows the swelling ratio (%) of membranes as function of
different volume ratios of membrane compositions and curcumin-
loaded PVA/CNCs membranes. Results demonstrated that swelling
(%) values of all membranes raise progressively with increasing of
swelling time till reaching the equilibrium swelling-state after
72 h. The first equilibrium swelling stated was determined after
48 h for PVA/CNCs (80:20), 72 h for PVA/CNCs (60:40), 96 h for
PVA/CNCs (50:50) and 72 h for PVA/CNCs/Curcumin. Generally, it
was observed that, values of swelling (%) and capacity decrease
with increasing of CNCs contents in membrane composition, which
is attributed to the reinforcing effect of CNCs. This effect occurred
through increasing the crosslinking density of membranes since
CNCs were regarded as polymer crosslinkers, in addition some of
CNCs were chemically crosslinked by citric acid. This behavior
might decrease the availability of functional groups which interact
with water; hence formation of less swellable membranes. The
obtained swelling results are consistent with results of De France,
et al., who reported that, chemically crosslinked CNCs based
hydrogels possess small swelling index values [42]. Additionally, in-
crease the amount of CNCs in membrane might lead to more hydro-
gen bonds formation between cellulose and PVAwhich in turnmight
hinder swelling capability of membranes [43]. Thus, the grafting of
curcumin into PVA/CNCsmembrane reduces the crosslinking density
of membranes due to the immiscible phase formed. This reduction
might be arisen from hydrophobic nature of curcumin that increases
the water uptake and facilities the penetration of water within mem-
brane for swelling [44].
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3.4.2. Curcumin release profile
The amount of released curcumin (%) from PVA/CNCS/Curcumin

was monitored during 48 h, as presented in Fig. 5a. It was observed
that, initial burst release during first hour of release reached to 41%,
owing to hydrophilicity of CNCs and the entrapped curcumin onto
outer-layers of membrane surface. Then, curcumin showed sustained-
release behavior ranged 70 and 94% at 24 and 48 h, respectively. The ob-
served sustained-release might be explained through diffusion barrier
effect of CNCs, that prevents the burst release and adjusts the released
curcumin [4]. In addition, slow release of curcumin in aqueous solution
was due to its hydrophobicity nature. Accordingly, slow release behav-
ior of curcumin in PBS was attributed to the instability and high degra-
dation rate of curcumin at pH of PBS, which in turn decreases the
concentration of curcumin in the solution [16]. Therefore, the curcumin
release profile might be a biphasic since starting with an initial burst re-
lease followed by sustained release behavior. This biphasic profile was
arisen from a dual effect of erosion and diffusion [19]. Therefore, PVA/
CNCS membrane would act as promising curcumin delivery system
with controllable release for localized use as anticancer delivery
application.

3.4.3. Hydrolytic degradation
The hydrolytic degradation of tested membranes was tested after

3 days of immersing membranes in distilled water. The weight loss
(%) of all membranes was evaluated during 7 days after reaching their
equilibrium swelling state. Itwas observed that, the hydrolytic degrada-
tion rate of PVA/CNCs is dependent upon the content of CNCs in com-
posite membrane, as shown in Fig. 5b. PVA/CNCs (80:20) shows a
higher hydrolytic degradation of 91.0% than PVA/CNCs (60:40) and
PVA/CNCs (50:50) at73.53% and 66.6%, respectively; after 10 days of
degradation time. Interestingly, PVA/CNCs with volume ratio (PVA:
CNCs of 80:20) lost its half weight after one day of degradation.



Fig. 6. a)Docking pose of curcumin in the cyclinD1binding groove. Hydrogenbonding interactions are shown as green broken lines. Hydrophobic interactions are shown as purple broken
lines. The protein is colored in greenwith interacting amino acids shown as grey sticks. Curcumin carbon atoms are shown in grey as stick representation.b)Cell viability % of Curcumin on
MCF-7, Huh7, WISH and HFB-4 cells by MTT assay.
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However, membranes with other volume ratios (60:40 and 50:50) lost
their 50% of weights after almost 7 days, while curcumin-loaded mem-
branes lost the 50% of its weight after 4 days. These findings might sup-
port the speculation of curcumin perhaps acts as filler and CNCs might
be crosslinked by citric acid, as aforementioned. These results are prob-
ably owing to the increase of CNCs content in membranes enhances the
crosslinking density; therefore increasing the degradation resistance.
Accordingly, the weight loss is mainly depending upon crosslinker
segments secession between PVA and CNCs which produce lowmolec-
ular weight polymers chains [42,45]. Meanwhile, crosslinking activity
and reinforcing effect of CNCs were presented in the slow swelling
rate, increased resistance to degradation and mechanically stable
nanocomposite.

3.5. In vitro bio-evaluation tests of PVA/CNCs/curcumin hydrogel
membranes

3.5.1. Interaction of curcumin with investigated cell lines (MCF-7, Huh7,
HFB-4 and WISH)

The cytotoxic effect of various concentrations of curcumin (100, 50,
25, 12.5 and 6.25 μM) were assessed with MCF-7, Huh-7, HFB-4 and
WISH cell lines usingMTT colorimetric assay test at 48 h time intervals.
Results revealed that IC50 values of (58.29, 42.19, 40 and 50.64 μM)
killed ~50% of cells, respectively; after 48 h of cell exposure. Dose-
response curves for tested cell lineswere presented in Fig. 6b. The resul-
tant anti-proliferative effect of curcumin might come from its ability to
induce intrinsic apoptotic pathway by the production of ROS. Beside, its
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ability to inhibit the expression of anti-apoptotic genes [46]. These re-
sults are consistent with pervious findings that show similar effect in
various cancer cells types like prostate, pancreatic, ovarian, and colon.
3.5.2. Docking of curcumin into cyclin D1
In silico analysis was performed by docking curcumin into a cyclin

D1. Curcumin binds favourably within cyclin D1 groove with docking
score of−6 K cal/mol, via making hydrogen bonding interactions with
Lys 96 and Ser 131 and Hydrophobic π-π interactions with Trp, as
displayed in Fig. 6a. As known, cyclin D1 is one of anti-cancer drug tar-
get that is associatedwith formation cyclin D1–cyclin-dependent kinase
4 (CDK4) complex. Cyclin-dependent kinases (CDK) must undergo cy-
clin groove binding step before phosphorylation and therefore by
inhibiting this interaction this will prohibit substrate specific kinase ac-
tivity. Previously, Shanmugamet al., stated the pathway of curcumin for
modulating tumor growth and cell proliferation is via downregulating
cyclin D1 [47].
3.5.3. Morphological examination by inverted light microscope
Fig. 7 displays light microscopy images alternation of Huh-7, MCF-7

and HFB-4 cells untreated and treated with PVA/CNCs and PVA/CNCs/
curcumin (8mg/ml), respectively. Huh-7 andMCF-7- PVA/CNCs treated
cells do not reveal any changes in their morphology. However, in case of
cells treatedwith PVA/CNCs/ curcumin, therewas a significantmorpho-
logical change in Huh-7 and MCF-7 as evidenced by shrinkage of cells
and presence of more apoptotic bodies. Interestingly, HFB-4 cells do



Fig. 7.Morphological examination images of the Huh-7, MCF-7 and HFB-4 cells untreated and treated with PVA/CNCs and PVA/CNCs/ curcumin (8 mg/ml) by inverted light microscope.
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not show any apparent cytotoxic effects after 48 h exposure to PVA/
CNCs and PVA/CNCs/ curcumin membranes.

3.5.4. Effect of PVA/CNCS/curcumin hydrogel membranes on cell cycle anal-
ysis by flow cytometry

Curcumin membrane was further investigated on a cellular level by
treating cells with IC50 concentration using flow cytometry analysis
(Fig. 8 and Table 2). Untreated cells showed an expected cell cycle pat-
tern for continuous growing cells, whereas treated MCF-7 cells showed
accumulation of cell population in the G2/M phase compared to the un-
treated cells (hence enhancing chemo-sensitivity of the proposed anti-
cancer therapy) (Table 2). However, upon treating Huh-7 cells with
curcumin membrane, causing an accumulation of cells in G0/G1 phase
preventing cells from transition to S phase. This might indicate apopto-
tic effect of themembrane and revealed behavior of cells that responded
differently based on physicochemical properties of nano-materials, cel-
lular uptake, biological nature of treated cells, interaction between
nano-materials and intracellular organelles [48]. Our results are in ac-
cordance with that previously published [48], where curcumin exerted
its anticancer activity on ER positive breast cancer cell line (i.e.MCF-7),
by enhancing chemo-sensitivity (Table 2). This might be ascribed to an
over expression of cyclin D1 and our silico study demonstrated high af-
finity of curcumin to cyclin D1, and then explained its toxic mechanism
(Fig. 8 and Table 2). Lately, recent studies reported that treatment of
MCF-7 with 10 μM of curcumin decrease percentages of cells in G0/G1
phase but increase number of cells in sub G1 up to 24 h of cell exposure
[48]. In the current study, such cytotoxic effect reached at very low
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concentration (4 mg of curcumin-loaded PVA/CNCs membrane) with-
out affecting viability of the normal cells. In addition, previously
curcumin demonstrated various molecular mechanisms against
human liver cancer, one of its inhibitory effects showed to be on
Notch1 signaling and its target genes (Hes1 and cyclin D1).

3.5.5. Cytotoxicity of PVA/CNCs and PVA/CNCs/Curcumin composite hydro-
gel membranes

Cell viability (%) of MCF-7, Huh-7, and HFB-4 cells was investi-
gated after 48 h of treatment with PVA/CNCs and PVA/CNCS/
Curcumin membranes at concentrations (2, 4 and 8 mg/ml). It was
observed that PVA/CNCs membrane was a quit safe to MCF-7 and
Huh-7 up to concentration (8 and 4 mg/ml, respectively), compared
to control after 48 h of cell exposure, as shown in Fig. 9. This indi-
cated through the high viability which 107.75% for MCF-7 vs. 95%
for Huh-7 at concentration 2 mg/ml, and 86% for MCF-7 vs. 83% for
Huh-7 at concentration 4 mg/ml. However, the viability (%) of HFB-
4 cell was inversely proportional to concentration of PVA/CNCs,
whereas the viability (%) of HFB-4 cells was reduced to 61.3, 63.7
and 89.4% after incubation with (2, 4 and 8 mg/ml), respectively.
Such observation was due to increase in the cellular uptake of CNCs
at low concentration causing cell damage by expression of oxidative
stress and inflammatory cytokines [42].

However, PVA/CNCs/Curcumin inhibits MCF-7 and Huh-7 cells
proliferation in a concentration-dependent manner. Moreover, it
was noticed that, PVA/CNCs/Curcumin membrane is more aggressive
toward Huh-7 than MCF-7 at 8 mg/ml, since it reduced the viability



Fig. 8. Cell cycle arrest following treatment of MCF-7 cells with curcumin (b), increased the rate of arrested cells in G2/M phase compared to the control untreated cells (a), Huh-7 cells
treated with curcumin (d), increased the rate of arrested cells in G0/G1 phase compared to the control untreated cells (c), minimal changes in cell cycle following treatment of normal
human cell line cells with curcumin (f), and accumulation of the cells in G0/G1 phase compared to the control untreated cells (e).
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to 35.4% in MCF-7 versus 7.12% in Huh-7 cells. Interestingly, high cell
viability (%) of HFB-4 which is ≥80% corresponded to various concen-
trations of PVA/CNCs/Curcumin hydrogel membrane. The explana-
tion of absence of cytotoxicity is dependent on the controlled
release of curcumin that doesn't make over expression of p53;
hence, inability to induce apoptosis at G2 phase in normal healthy
cells [16]. This result demonstrates that, using PVA/CNCs membrane
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as drug delivery system of curcumin increased the selectivity and en-
hanced therapeutic efficiency toward breast and liver cancer. In ad-
dition, the therapeutic efficiency of curcumin might increase after
using curcumin-loaded delivery system. This speculation was con-
cluded by comparing IC50 concentration of free curcumin with con-
centration of curcumin-loaded in the most effective concentration
of curcumin-membrane (8 mg/ml). Since, 7.4 μg/ml of curcumin



Table 2
Flow-cytometric analysis of IC50 concentration of curcumin on MCF-7, Huh7 and WISH
cells line.

Sample G0-G1 S G2-M

MCF-7 control 67.4% 17.6% 14.9%
MCF-7 cells treated with curcumin 60 μM 57% 17.8% 24.9%
Huh-7 control 81.9% 12.0% –
Huh-7 cells treated with curcumin 50 μM 93.5% 5.81% –
Normal human cell line control 78.6% 11.5% 6.31%
Normal human cell line, cells were treated with curcumin
50 μM

82.3% 7.18% –
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exhibited very low cell viability % of liver and breast cancer cells
compared to hydrogel membranes.

3.6. Antimicrobial activity test of PVA/CNCs and PVA/CNCs/Curcumin hy-
drogel composite membranes

Microbial infections could be treated using antibiotics, but their exten-
sive usage producing antibiotic-resistance strains (deadliest pathogens).
Fig. 9. In-vitro cell viability of a) PVA/CNCs and b) PVA/CNCs/curcumin on MCF-7, Huh7
and HFB- 4 cell lines, as function of different membrane concentrations (2.0, 4.0 and
8.0 mg/ml). Ta
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Thus, multidrug-resistance microbes such as Staphylococcus, Streptococ-
cus, and Pseudomonas needed critically new drugs to inhibit its actions.
Antibiotic microbial resistance is regarded a major global challenge, so
new efficient safe antimicrobial agents needed urgently. Curcumin con-
structions using polysaccharides nanoparticles are considered as a prom-
ising no toxic therapeutic agents to combat highly pathogens, and multi-
drug-resistant pathogens (MDRHP). Herein, different nano cellulose com-
posites with and without curcumin were constructed and assessed as a
broad-spectrum anti-infective agent using different human pathogens.
Firstly, the antibiotics susceptibility for the tested human pathogens was
detected using different antibiotics discs via a disc-diffusion method. All
tested human pathogens showed sensitivity against some tested antibi-
otics but resistance for others as shown in Table 3.

MDRHP were used to assess antimicrobial efficacy of different hy-
drogel membranes that coded as S1: crosslinked PVA/CNCs; S2:
crosslinked PVA/CNCs/Curcumin; and S3: uncrosslinked PVA/CNCs
composite hydrogel membranes using agar well and disc diffusion
methods. Fig. 10 shows the agar-well-diffusion method using an
unpolymerized phase of different construction (50 mg/ml) proved to
be more sensitive method than polymerized discs via a disc diffusion
method (100mg/ml). Notably on the one hand, there are no antimicro-
bial activities were detected by using polymerized discs except S1 discs
that produced small antimicrobial activities against Candida albicans
(12.75 ± 0.02 mm), Klebsiella pneumoniae (8.75 ± 0.03 mm), and En-
terobacter aerogenes (7.5 ± 0.1 mm) followed by Bacillus cereus
(5.17±0.04mm) as shown in (Table S1, supplementary). Furthermore,
the un-polymerized hydrogel that coded as S1 showed mild antimicro-
bial activities against Candida albicans (19.8± 0.9 mm), and Bacillus ce-
reus (15.7 ± 1.5 mm), followed by Enterobacter aerogenes (13.9 ±
0.21 mm) and Klebsiella pneumoniae (11.8 ± 1.7 mm). Furthermore,
the largest inhibition zones were recorded by S2 hydrogel at un-
Fig. 10. Visual images of the antimicrobial efficacy of different hydrogel membranes, using ag
phases against multi-drug-resistant pathogens using agar well and disc diffusion methods. S1:
CNCs composite hydrogel membranes. A: Escherichia coli, B: Enterobacter aerogenes, C: Kleb
aureus, G: Salmonella typhimurium, H: Bacillus cereus, I: Listeria monocytogenes, J: Streptococcus
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polymerized phase against Candida albicans (31.3 ± 0.6 mm), Klebsiella
pneumoniae (29±0.51mm) and Enterobacter aerogenes (28±1.1mm)
followed by Bacillus cereus (26.3 ± 1.3 mm). Remarkably, the polymer-
ized and un-polymerized hydrogel that coded, as S3 have no inhibition
zones against all tested MDRHP.

Recently, many studies assessed the activities of curcumin against
some human pathogens and determined MICs values using micro-
molar ranges. Since the synergistic effects of stabilized-curcumin
might occur due to its interaction with microbial enzymes and
destroying the microbial cell membranes. The antimicrobial activity of
curcumin was depending on its bioavailability and stabilities, so there
are some studies fabricated microcapsules of curcumin or conjugated
with metal nanoparticles or polysaccharides nanoparticles [48–51].
Others constructed nano curcumin (100 mg/l) to reduce its particle
size so its solubility enhanced in water and the strongest antimicrobial
activities significantly against S. aureus (its growth reduced to 97%) as
were shown [52]. Additionally, the encapsulated curcumin with nano-
particles reduced the skin bacterial infections and enhanced wound
healings [53]. Previously, the phototoxic activity of curcumin was de-
tected against Staphylococcus epidermidis (46 mg/ml) and Streptococcus
mutans (128 mg/ml) and reduced the viable cells to zero [52–55]. Also,
capsulated curcumin showed antibacterial activities against B.subtilis,
and B.cereus [48,49]. However, the gram + ve bacteria are considered
as less resistant than a gram -ve bacteria (more resistant) owing to
their outer cell wall architecture, which acts as a barrier for molecules.
In gram –ve bacteria such as E.coli and Pseudomonas aeruginosa that
can survive under tough conditions, curcumin polysaccharide nanopar-
ticles may be shutting their DNA and decreasing cell proliferation
[50,56,57]. There are millions of fungal species but only a few are
human pathogens that infected the skin andmucosa. Recently, interest-
ing study demonstrated the antifungal efficacy of curcumin against
ar-well-diffusion method at polymerized (100 mg/ml) and un-polymerized (50 mg/ml)
crosslinked PVA/CNCs; S2: crosslinked PVA/CNCs/Curcumin; and S3: uncrosslinked PVA/
siella pneumonia, D: Enterobacter cloacae, E: Pseudomonas aeruginosa, F: Staphylococcus
pneumonia, K: Bacillus pumilus, and L: Candida albicans.



Fig. 11. Detection of inhibitory proportional factor (%) of different un-polymerized hydrogel membranes at different concentrations (20, 40, 60, 80, and 100 mg/ml) against multi-drug-
resistant pathogens; S1: crosslinked PVA/CNCs; S2: crosslinked PVA/CNCs/Curcumin; and S3: uncrosslinked PVA/CNCs composite hydrogel membranes. A: Escherichia coli, B: Enterobacter
aerogenes, C: Klebsiella pneumonia, D: Enterobacter cloacae, E: Pseudomonas aeruginosa, F: Staphylococcus aureus, G: Salmonella typhimurium, H: Bacillus cereus, I: Listeria monocytogenes, J:
Streptococcus pneumonia, K: Bacillus pumilus, and L: Candida albicans.
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Candida albicans, since curcumin-induced modifications into fungal
membrane composition resulting in production of ROS causing cell
wall damage [58].

In this work, the MICs were determined statistically for the tested
constructed hydrogel membranes at unpolymerized phase (20, 40, 60,
80, and 100 mg/ml) against MDRHP using the inhibitory proportional
factor (%) (Tables S2, S3, and S4, supplementary data), as shown in
Fig. 11. Notably, the largest inhibitory proportional factor (% ± SD)
was recorded against Candida albicans (99.01 ± 0.67), followed by
Streptococcus pneumonia (98.08 ± 0.19), and Bacillus cereus (96.47 ±
1.84) by using the hydrogel that coded as S2 at 40mg/ml (Table S3, sup-
plementary). Furthermore, the hydrogels that coded as S3 and S1
showed mid inhibitory proportional factors (% ± SD) against Candida
albicans 67.85 ± 6.96 (Table S4, supplementary), and 63.57 ± 0.7 (Ta-
ble S2, supplementary), respectively at 80 mg/ml. Finally, tested S2 hy-
drogel at 40 mg/ml demonstrated broad-spectrum anti-infective
activities against most of testedmulti-drug-resistant strains, as summa-
rized in Fig. 11. Since, the highest antimicrobial efficiencies were re-
corded against fungal cells, followed by gram+ ve bacteria then gram-
ve bacteria. Based on these results, the un-polymerized hydrogel that
coded as S2 is considered as a promising drug carrier candidate.

4. Conclusions

The current study provided a promising localized anticancer activity
against proliferation of breast and liver cancers, when applying
curcumin-loaded PVA/CNCs compositemembrane, suggesting improving
of curcumin therapeutic efficiency. Successful loading was demonstrated
120
by presence of characteristic peaks of curcumin via FTIR, and confirmed
disappearance of diffraction peaks of curcumin in XRD. Curcumin showed
a sustained-release profile from PVA/CNCs/Curcumin membrane, which
allowed curcumin bioavailability and avoiding the rapid metabolism
and elimination from the blood. Hence, PVA/CNCs/Curcumin membrane
exhibited selective enhanced anticancer properties evidenced by its cyto-
toxic effect on bothMCF-7 andHuh-7 cellswithout affecting viability per-
centage of HFB-4 cells, which was ≥80%. This was further evidenced that,
on a cellular level as previously demonstrated from in silico study, its affin-
ity to cyclin D1, which is responsible for transition of cells to S phase.
Hence, preventing its action and enhancing cell arrest at G0/G1 phase.
Flow-cytometric analysis confirmed cell cycle arrest in G0/G1 and G2/M
based on cellular uptake and nature of treated cells, indicating impact of
biological behavior of the treated cells in response to the applied mem-
brane. In addition, curcumin-loaded PVA/CNCs composite membranes
showed remarkable antimicrobial activity against tested pathogenic mi-
crobes. Further analysis is still required on a protein level and in vivo
study before employing for biomedical applications.
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