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ABSTRACT

Molecular imprinting generates robust, efficient and highly mesoporous surfaces for bio-interactions. Mechanistic
interfacial interaction between the surface of core substrate and protein corona is crucial to understanding the
substantial microbial toxic responses at a nanoscale. In this study, we have focused on the mechanistic interactions
between synthesised saponin imprinted zinc oxide nano-honeycombs (SIZnO NHs), average size 80-125 nm,
surface area 20.27 m’/g, average pore density 0.23 pore/nm and number average pore size 3.74 nm and proteins
corona of bacteria. The produced SIZnO NHs as potential anti-fungal and anti-bacterial agents have been studied
on Sclerotium rolfsii (S. rolfsii), Pythium debarynum (P. debarynum) and Escherichia coli (E. coli),
Staphylococcus aureus (S. aureus), respectively. SIZnO NHs exhibited the highest antibacterial (~50%) and
antifungal (~40%) activity against gram-negative bacteria (E. coli) and fungus (P. debarynum) respectively at
concentration of 0.1 mol. Scanning electron spectroscopy (SEM) observation showed that the ZnO NHs ruptured
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the cell wall of bacteria and internalised into the cell. The molecular docking studies have been carried out using
lipopolysaccharide and lipocalin Blc as binding proteins. It was envisaged that the proteins present in the bacterial
cell wall were found to interact and adsorb on the surface of SIZnO NHs thereby blocking the active sites of the
proteins used for cell wall synthesis. The binding affinity and interaction energies for lipopolysaccharide were
higher than those of the lipocalin Blc. In addition, a kinetic mathematical model (KMM) was developed in
MATLAB to predict the internalisation in the bacterial cellular uptake of the ZnO NHs for better understanding of
their controlled toxicity. The results obtained from KMM exhibited a good agreement with the experimental data.
Exploration of mechanistic interactions, as well as the formation of bioconjugate of proteins and ZnO NHs would

play a key role to interpret more complex biological systems in nature.

KEYWORDS: ZnO nano-honeycombs, protein corona, interaction energies, molecular docking, microbial

toxicity.

BRIEFS: Nanobio-interface of saponin imprinted zinc oxide nano-honeycombs and microbial
proteins adversely suffers from electrostatic forces, rate of adsorption, production of reactive
oxygen species, rate of penetration and exposure time which are capable of responding to

control the toxicity of medium.

INTRODUCTION

Nanoscale approaches are immensely involved with the advanced materials engineering for
their high-performance and efficient applications.'” The toxic effect of nanoscale materials on
living organisms and biological systems are an extremely hot area of research.” Study of
nanotoxicity in microbial systems holds importance because of their diversity and antimicrobial
activity to explore applications in medical science which demands the need of understanding
their interactions with membrane proteins, DNA and various biomolecules inside the cells.
Typically, toxic effects based on advanced architectural and functionalized nanomaterials for

example ZnO, silver, and gold are widely focused due to their less-toxic and cellular
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compatibility with excellently tuned luminescence property. They can be used in biomedical
and pharmaceutical applications including drug delivery and bio-imaging.*® However, the
knowledge about the mechanistic interactions and the toxic effects of nanoscale materials on
biological systems is a challenge.

Recently, cellular toxicity of ZnO nanoparticles (NPs) in terms of particle size,
concentration, dose-dependent oxidative stress, intracellular dissolution, bioavailability of Zn**
has been studied intensively.”'® Toxic effects also include the morphological structure of NPs
which is mainly dependent on the synthesis techniques. The synthesis of inorganic NPs using
various biological materials like natural polymers is environment-friendly and termed as green
method because they are biodegradable and bio-absorbable with degradation products that are
non-toxic.'®** Synthesis of molecularly imprinted nanostructures has attracted much attention
due to their multifarious potential applications including sensors, separations, catalysis and
environmental management. Molecular imprinting is a technique used to create guest—
complementary binding sites, mostly in a cross-linked polymer matrix.>* Cross-linking of self-
assembled functional moulding agents to construct the structural size and shape of template
molecule via physical interaction provides molecularly imprinted desired structural dies. In this
study we have fabricated ZnO nano-agglomerate dies via self-assembly of Zn(OH), on saponin
micelle used as a template molecule where metallic bonds within ZnO NPs formed upon
irradiation of micro-wave resulted in an NHs structure having three-dimensional cavities.
Secondly, we have reported the bacterial proteins corona interactions with SIZnO NHs towards
the elucidation of their toxic responses by experimental and computational (molecular docking,

mathematical model) studies.
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In order to explore the mechanism of interaction between proteins and SIZnO NHs, it is
highly important to understand the behaviour of NHs at the interface. The nanobio-interface
comprises of the surface of NHs, its physicochemical properties, the solid-liquid interface and
changes that occur when NHs interacts with any biological membrane. The nanobio-interface is
constantly subjected to the influence of dynamic environment that actively contributes to its
formation. When the biological components bind to the surface of the NHs, conformational
changes occur due to the generation of reactive oxygen species (ROS) (Fig. S4).** The
underlying interaction of NHs with the biological membranes is key to the understanding of
their biological impact and to know their toxic effects.”

Nowadays, computational studies have become more popular to better understanding
and to explain elaborately the mechanism involved in real biological systems. Molecular
docking is one of the techniques widely used to comprehend the interaction of NPs with
biological entities.***® Park er al.?® showed that fullerenes as well as single- walled carbon
nanotubes (SWCNT) with an average diameter between 0.7 and 0.9 nm can “sit” on the top of a
potassium channel (KcsA) and block the entrance for K ions. The binding of the channel is not
only affected by the size but also by the shape of the NPs. Atomistic molecular dynamics (MD)
simulation studies by Kraszewski et al.?’ suggested that the binding of C60 fullerenes to
different K" channels (KcsA, Kvl1.2 and MthK) mainly depends on their size and
hydrophobicity. Furthermore, human serum albumin and gold nanoparticle docking was carried
out by Ramezani and Rafii-Tabar®® and the complex with the best binding energy score (14.82
kecal mol™) was used for simulation and concluded that the free binding energy is equal to the
intermolecular energy. Here, lipopolysaccharide and lipocalin Blc were selected for docking the

proteins present in gram- negative bacteria with ZnO NHs. Finally, a kinetic mathematical
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model was developed to predict the internalisation in bacterial cellular uptake of the NHs for

better understanding of their controlled toxicity.

EXPERIMENTAL

Materials and methods

ZnS0,4.7H,0, NaOH and saponin procured from SdFine and were used as received. Fungi
(P. debarynum, S. rolfsii) and bacteria (E. coli and S. aureus) were collected from the
Department of Basic Sciences, Dr. Y. S. Parmar University of Horticulture and Forestry, Nauni
(Solan) India. Ultra pure water from ELIX 3Millipore was used as a solvent. A microwave
(LG Model MB394AA, Power of 1200W, frequency 2.45 GHz), ultasonicator (Ultrasonic Bath
Sonicator 3.5 L(H), LOBA Life), magnetic stirrer (Flexstir- FSH3 JSGW) and water were used
for the synthesis of ZnO NHs. All the glassware and materials used for antimicrobial activity
were sterilised in an autoclave for 20 min. before use to prevent contamination. Characterization
and studies on surface morphology were carried out with X-ray diffractometer (PANalytical),
transmission electron microscope (Hitachi S 7500), and Braunauer-Emmett-Teller (BET)
analyser (Model Smart Sorb 92/93).

Synthesis of SIZnO NHs

ZnS04.7H,0 and NaOH aqueous solutions were added in a molar ratio of 1:4 in a reaction
flask. To this mixture, 0.5% (w/v) aqueous solution of saponin was added, and the resulting
mixture was stirred vigorously for 15 min. The reaction mixture was exposed to microwave
irradiation (microwave oven operating at 100% power of 1200 W and frequency 2.45 GHz) for

2 min. The white product obtained was thoroughly washed with copious distilled water and
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ethanol. After ultrasonication, the product was washed again with distilled water and then dried
at 60 °C till a constant weight was obtained.

Anti-microbial activity

The antifungal and antibacterial activities of the synthesised SIZnO NHs were done as reported
in our previous paper.” The bits of grown fungi were put on the agar medium in respective
petri-dishes without SIZnO NHs (control) and the other containing colloidal solution of the
SIZnO NHs in different concentrations. The process was carried out in the horizontal laminar
air flow. The samples were kept for 3-4 days at a temperature of 28 °C = 2 °C to find out the
antifungal activity. For each sample, 3 sets of replicates were carried out. For antibacterial
activity, strains of gram-negative (E. coli) and gram positive (S. aureus) bacteria were grown in
the nutrient medium (agar medium). The NHs free medium was used for a control experiment.
The number of colonies formed was counted manually after 24 hrs of incubation at 37 °C.
Docking studies

The docking studies were carried out using DISCOVERY STUDIO (DS) 4.0.°° The structures
of lipopolysaccharide and lipocalin Blc binding proteins were obtained from the Protein Data
Bank files. The proteins contained two subunits and for the purpose of this study, only one
subunit was selected. First water molecules were removed, and hydrogen atoms were added.
The protein molecules were cleaned to add missing hydrogen atoms or to remove alternate
conformations. The binding sites in the molecules were determined using the receptor cavities
option in DS 4.0. ZnO nanostructure was initially prepared in MATERIALS STUDIO 7 and
opened as a ligand molecule in DS 4.0. It was prepared using the prepare ligand option. Finally,
both protein molecules were docked separately onto the ligand using the CDOCKER molecular

docking method in DS 4.0.
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Parameters used in mathematical model for internalisation of NHs

To predict the dynamics of NHs internalised in E. coli and S. aureus, a mathematical model was
developed following GEAR method using MATLAB. GEAR method has higher calculation
efficiency and precision compared to other numerical methods therefore; the numerical
solutions of dynamic differential equations have been obtained from GEAR method (see
supporting information). The model parameters obtained from literature®' are: forward rate
constant (ky= 7.2 x 10”7 mol™ min™), reverse rate constant (k; = 0.34 min™), endocytosis rate
constant (k.= 1.14 x 10 min™ for E.coli and 7.70 x 10 min™ for S. aureus), rate with which
either NHs accumulate inside cell/recycled back to the membrane (k. = 0.005 min'l), active
reaction sites on the cell surface (Rg = 1 x 10°, assumed within literature reported range), rate of
intracellular toxicity ((k; = 4.6x10" cell mol™ min™ (toxicity of intracellular nano to bacteria

cells)) (optimized using least square method), and Avagadro’s number (N = 6.022 x 10%).

RESULTS AND DISCUSSION

Synthesis and characterization of SIZnO NHs

SIZnO NHs was synthesised by microwave irradiation of the reaction mixture, ZnSO4.7H,0
and NaOH with molar ratio of 1:4 in the presence of 0.5% w/v aqueous saponin solution as
shown in the schematic Fig. 1. The suspended Zn(OH), was self-assembled onto the micelle of
saponin which was exposed to microwave irradiation. The micelle with initially grown ZnO
NPs was agglomerated due to their inherent liphophilic affinity. There were two possible routes
leading to the formation of honeycombs morphology. Nucleation and agglomeration of NPs
may occur separately or simultaneously due to high energy microwave irradiation where

possibly metallic bonds formed quickly within ZnO NPs. In addition, microwave also facilitated
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to detach saponin mostly from agglomerated NHs due to vibrational energy. The remaining
saponin was removed by washing with good solvents (ethanol and water). Prior to biological
testing, the SIZnO NHs were characterised spectroscopically. Powder X-ray diffraction (XRD)
spectra confirmed that the ZnO nanocrystal units of SIZnO NHs had a hexagonal wurtzite type
crystal structure (Fig. S1). The mesoporous rough surface of the SIZnO NHs was controlled by
lowering of surface energy due to adsorption of single or multi sugar chains bearing glycosides.
The adsorption, desorption curves and surface area of SIZnO NHs were obtained directly from
the BET analyser using nitrogen adsorption (Fig. S2). The surface area of the SIZnO NHs was
calculated to be 20.27 m*/g.

For an advanced engineering of ZnO NHs with favourable bioavailability and
biodistribution, it is essential to have an in-depth knowledge of the mechanism(s) of association
and interaction of proteins with the particle surface and the consequent effect on the structure of
the protein. Towards achieving this goal, an antimicrobial activity of SIZnO NHs was tested
against two different fungi and bacteria. SEM observations were also carried out to visualise
interaction phenomena between the bacterial cell wall and ZnO NHs. The explanation for the
mechanistic interaction between SIZnO NHs and bacterial cellular proteins was further
supported by protein docking studies and dynamic mathematical model developed in
MATLAB.

Anti-microbial activity of SIZnO NHs

The anti-microbial activity of SIZnO NHs was tested with two different fungi and bacteria.
Figs. 2(a-b) exhibit the antifungal activity of commercial SIZnO NHs against S. rolfsii and P.
debarynum. The both fungi were exposed to SIZnO NHs at concentrations ranging from 2x107

to 10x102 mol L. It was evident that there was no activity against the fungi at the lowest
Yy ag g
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concentration of honeycombs but about 20% activity was observed in case of P. debarynum at
4x10” mol L. The average activity of the honeycombs against P. debarynum is higher than
that of S. rolfsii. At the maximum concentration (10x10? mol L") of NHs experienced in the
test, the antifungal activity against S. rolfsii and P. debarynum was found to be 23.08% and
52%, respectively. Here, SIZnO NHs act on pathogenic microbes by inhibiting an enzyme-
catalysed reaction present in the fungal cells. They also inhibit cell wall synthesis thereby
causing fungal cell lysis (bursting) and death due to the structural change of corona proteins.
The mechanism involved with the cytotoxicity of nanostructures has been attributed to
interaction with the plasma membrane of the fungal cells to affect the membrane permeability
which has fatal results for the cell. They might also disrupt protein synthesis required for the
survival of the fungus or inhibit nucleic acid function thereby preventing cell divisions or the
synthesis of essential enzymes.*

Besides, Figs. 2(c-d) exhibit antibacterial activity against E. coli and S. aureus over the
same concentration range of NHs used for fungi. The NHs was active against both of the
bacteria for all concentrations, but average activity against E. coli (40%) was found to be
superior to that of S. aureus (22.14%). The percentage reduction of bacteria (R%) has been
calculated using the following equation:**

R% = (B-A)x100/B ----------——- (1)

Where, B is the number of colonies forming units (cells) in control, and A is the number
of cells in treated specimen after inoculation over 24 hrs contact period.

The better antibacterial activity of ZnO NHs against E. coli as compared against S.
aureus has been explained in details in terms of bacterial cell wall constituents, types and

construction. Peptidoglycans are the structural elements of almost all bacterial cell walls. They

9
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constitute almost 95% of the cell wall in gram-positive bacteria and around 5% of the cell wall
in gram-negative bacteria. The cell wall in gram-positive bacteria (S. aureus) is thick, consisting
of several layers of peptidoglycan complex with molecules called teichoic acids whereas in
gram-negative bacteria (E. coli), the cell wall is thin and is composed of a thin layer of
peptidoglycan adjacent to the cytoplasmic membrane. When SIZnO nanostructures come into
contact with the bacterial cell wall, they cause the disruption of the cell membrane by the
production of ROS such as superoxide and hydroxyl radicals, generating a positive zeta
potential, created by an electromagnetic interaction between the microbial surface and the NHs.
Since, SIZnO NHs has positive zeta potential it easily penetrates into the thin cell wall of the
gram-negative bacteria (E. coli) which has negative charges on its membrane. This rupture the
membrane releasing toxic Zn*" ions causing cell wall damages finally leading to the static
growth/death of bacteria.”> SIZnO nano-structures inactivate the proteins present in the cell
membrane of the bacteria thereby retarding the adhesion of bacteria. In S. aureus, the cell wall
is thick and, therefore the honeycombs are not able to easily penetrating the cell membrane. A
repulsive force is generated as the NHs comes in contact with the cell membrane resulting in the
generation of reactive oxygen species (ROS).>*’

In Fig. 2d, it has been observed that at higher concentration of SIZnO NHs, the value for
the % reduction of bacteria was constant. It may be due to the fact that at the interface of the
microbial membrane, the SIZnO nanostructures are aggregated thereby, resulting in an almost
constant antibacterial activity at the higher concentration of ZnO NHs. An interaction of SIZnO
NHs with bilayer at nanobio-interface and cleavage of a cell wall structure of gram-positive

bacteria is schematically presented in supporting information (Fig. S3).

10
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In Fig. 3 morphological characterisation of ZnO NHs and interaction phenomena with
different bacteria have been elaborately discussed. TEM image revealed almost homogeneously
distributed mesoporous honeycombs like ZnO nanostructure with a diameter of around 80-125
nm, average pore density 0.23 pore/nm’, number average pore (diameter) size 3.74 nm ((Fig.
3(a-a")). In order to clarify the interaction between bacteria and ZnO NHs and to visualise its
impact on the cell wall, SEM observations of bacteria with distinguished magnifications were
captured without and with ZnO NHs. It is evident from the Fig. 3 b’ that only 2 hrs after
addition of ZnO NHs (0.1 mol L"), a corona of hydrated ZnO NHs onto the cell wall of E. coli
was developed and firmly attached to the surface. Therefore, the smooth cell wall of E. coli
(Fig. 3b) was ruptured which is indicated by the arrow in Fig. 3b’. The inset magnified image
also clearly showed the insertion of ZnO NHs inside of the cell wall. Similarly, S. aureus after
addition of similar concentration of NHs was deformed from floppy-dumble shape to a
squeezed-flattened sheet with adjoining one another due to immobilisation onto the substrate as
shown in Fig. 3 (¢ -¢’).

Molecular docking studies of ZnO NHs-protein corona interactions

The design of molecular docking studies was constructed for the exploration of mechanistic
interaction between ZnO NHs and bacterial cell membranes containing binding proteins
(lipopolysaccharide, lipocalin Blc, protein A and C-domain of protein A). Fig. 4 illustrates the
images for interaction between the crystal structures of the lipopolysaccharide binding protein
(LBP, PDB ID 4M4D), lipocalin Blc (PDB ID 1QWD), protein A (PDB ID 2JWD) and C-
domain of protein A (PDB ID 4NPE) taken from RCSB protein data bank®” ** with ZnO NHs.
These crystal structures were considered because of their existence in the cell wall of gram

negative and gram positive bacteria, respectively.
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Gram negative bacteria contain lipopolysaccharides (LPS) in their outer cell wall. LBP
are considered to play a major role in regulating LPS dependent monocyte responses whereas
lipocalin Blc (outer membrane protein) present in E. coli is capable of phospholipid binding and

lipid transport™.

Staphylococcal protein A (SpA) is highly abundant 42 kDA surface protein found in the
cell wall of bacterium Staphylococcus aureus and encoded by the spa gene. It has two distinct
halves, the C-terminal which binds Spa to the extracellular surface of the peptidoglycan cell
wall and N-terminal which is a series of five stable protein binding domains (E-D-A-B-C). As a

pathogen, S. aureus utilizes protein A for its survival and virulence.*’

Nanostructures interact with biomolecules like proteins, lipids, enzymes due to their high
surface to volume ratio. Of special interest is the adsorption of the proteins on the surface of the
nanomaterials thereby forming nanoparticle-protein corona (NP-PC). NP-PC is reported to
influence the biological activity of the nanoparticles.*’ Here ZnO nanocluster was docked with
the protein molecules to speculate the nanobio-interface interactions and the active sites in these
proteins were found in the receptor cavities. In the case of lipopolysaccharide binding protein
(LBP) and lipocalin Blc there were 10 poses for each (Tables S1 and S2) whereas there were 3
poses for staphylococcal protein A and 2 poses for C-domain of protein A (Tables S3 and S4).
The Cdocker and interaction energies for all poses in the case of the all the proteins are
summarized. The higher values of the Cdocker and the interaction energies suggested a more
favourable binding of the Zn and O atoms. In LBP, Zn atoms were approached to bind with
oxygen of proline (PR0O265), threonine (THR263), leucine (LEU101), valine (VAL140) and

proline (PRO451). Fig. 4 (a, b) suggests that the oxygen atom of the ZnO nanocluster does not
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interact with amino acids. Fig. 4 (c, d) depicts the interaction of Zn and O atoms of the ZnO
NHs with the amino acids of /lipocalin Blc protein. Zn atoms of NHs attached with oxygen
atoms of glutamic acid (GLU90), phenylalanine (PHE109), aspartic acid (ASP134, 136) and
valine (VAL30, 31), respectively. It was noted that the oxygen of the honeycombs also
interacted with glutamic acid (GLU54) and threonine (THR146). The higher value of receptor-

ligand energies of lipocalin Blc protein indicated stronger binding affinity than that of LBP.

Fig. 4 (e, f) depicts the binding site of nanocluster with the protein molecule (Protein A).
On docking, the Zn atom of the nanocluster bound with oxygen atom of aspartic acid (ASP1,
SP3) and valine (VAL2); asparagine (ASN7); asparagine and glutamic acid (GLU26); glutamic
acid and asparagine (GLU16, ASN12). The oxygen atom bound to hydrogen of valine and
nitrogen of asparagine (VAL2, ASP1); hydrogen of phenylalanine (PHE14) and glutamine
(GLN27, GLN56). The binding of Zn and O atoms of the nanocluster with the C-domain of
Staphylococcal protein A is depicted in Fig. 4 (g, h). Among different domains of Protein A,
ZnO nanocluster bound to C-domain only. Here, Zn atom of the nanocluster bound to the
oxygen atom of aspartic acid (ASP36, ASP37); lysine and asparagines (LYS4, ASN3); tyrosine
and glutamic acid (TYR14, GLU15); threonine and glutamic acid (THR23, GLU24) whereas O
atom of the nanocluster bound to hydrogen of histidine and tyrosine (HIS18, TYR14);
phenylalanine and asparagines (PHES, ASN6); glutamine (GLN32). The values of Cdocker and

interaction energy for C-domain were found to be less as compared to Protein A.

In the case of gram positive bacteria, not all the atoms of the ZnO nanocluter were
docked with the atoms of the amino acids which can be visualized in Figs. 3f and 3h. The

reason might be that the values of Cdocker and Cdocker interaction energies are not high as
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compared to that of proteins present in the cell wall of gram negative bacteria. As a result, the

Page 14 of 32

nanoparticles are not able to interact with the Protein A present in the extracellular surface of

the cell wall. The direct comparison of the docking studies carried out in the case of gram
negative and gram positive bacteria have been tabulated in Table 1. As a higher (positive) value
of—-Cdocker energy and —Cdocker interaction energy indicates a favourable binding thus, the
higher values in the case of proteins of gram negative bacteria as compared to the gram positive
bacteria as seen in the Table 1 leads to the conclusion that atoms of the ZnO NHs bind more

effectively to the membrane proteins of the gram negative bacteria.

Table 1. Comparison of docking studies of gram negative and gram positive bacteria

Component Gram negative bacteria Gram positive bacteria
Proteins in the cell wall Lipopolysaccharide Lipocalin Blc  Protein A C-domain of
binding protein Protein A
(LBP)
Cdocker energy -61.0053 -86.2237 -31.0746 -24.9807
(Kcal/mol)
Cdocker interaction energy -54.3061 -80.9758 -31.9003 -25.1463
(Kcal/mol)
No. of poses 10 10 3 2
Binding of Zn atoms of the PRO265, THR263, GLUO90, ASP1, ASP36,
nanocluster with amino LEU101, VAL140, PHEI109, ASP3, ASP37,
acids of the protein PROA451 ASP134, VAL2, LYS4,
ASP136, ASN7, ASN3,
VALS30, GLU26, TYRI14,
VAL31 GLUI16, GLU15,
ASN12 THR23,
GLU24
Binding of O atoms of the - GLUS4, VAL2, HIS18,
nanocluster with amino ASPI, TYR14,

14
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acids of the protein THR146 PHE14, PHES,
GLN27, ASNG,
GLNS56 GLN32

©CoO~NOUTA,WNPE

Dynamics of SIZnO NHs internalised in bacteria

The understanding of fundamental physicochemical properties of the nanomaterials towards
different cellular responses presents important contributions to the progressive exploration of
cytotoxicity paradigm, which requires constant refinement and updating with the discovery of
novel nanobio-interactions.*> The effects of Trojan horsetype nanoparticle transport and

oxidative stress-induced cellular damage are well-established within these paradigms.'***** Th

e
cellular internalisation of the nanoparticles followed by intracellular dissolution results in
further cytotoxicity. However, such model is non-universal and is dependent on the relative
rates of dissolution of the nanoparticles with respect to that of cellular uptake. In this model, the
following equations were used to predict the internalisation of NHs, which are modified to
include the toxic effects of surface and internalised nanostructures. Bulk phase ZnO NHs
(dL/dt) = (-k, x L + k; x ¢5) x (n/N), concentration of NHs on the cell surface (dcy/dt) =k, X L —
(ky + ke) X (cs + kpee X ¢i) — (kg X c5), concentration of NHs inside the membrane: intracellular
concentration (dci/dt) = ke X ¢ — (kree X ¢i) — (kq X ¢i), ka = k¢ X Ry (n/N), kg = k¢ % (ci/n) and
dn/dt = -k4 X n. Where, L represents the bulk concentration of ZnO NHs, ¢, is the concentration
of NHs on the cell surface, ¢; is the intracellular concentration of nanocluster and cell density
(number of cells/L) is given by dn/dt. The value of k; was optimized using error minimization
by least square method.*’ Using above equations, reduction cell density of bacterial (E. coli and

S. aureus) due to toxicity of ZnO NHs were plotted against time and correlated with

experimental results.
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The number of cells in control were 2.5x10° (E. coli) and 2.8x10° (S. aureus) cells/L as
shown in Figs. 5(a-b). As the time progressed there was a reduction of cell density with the
increase of the concentration of ZnO NHs. The experimental values of cell density were
accounted from the percentage reduction of bacterial after 24 hrs in each case. For example, in
case of 0.04 M ZnO NHs, 20 and 10.7% of initial E. coli and S. aureus concentrations were
reduced and the resulted concentrations were found to be 2.0x10° and 2.5x10° cells/L. It is
evident that the experimental and simulated results are consistent in the case of E. coli whereas
slight deviations were observed in case of S. aureus which is attributed to the fact that since, S.
aureus 18 a gram-positive bacteria the reduction in bacterial cells is becoming constant and

does not change significantly at higher concentration of ZnO NHs.

The concentrations of ZnO NHs on the surface (cs) and inside (c;) the bacterial cell were
calculated using mathematical model to evaluate theoretically the amount of nanostructures
which cross the surface and reach within the cell ((Fig. S4 (X-Y)). The highest concentration of
NHs was observed at 600 minutes. Here, Fig. 6 (a- b) illustrates the highest ZnO concentrations
onto the outer surface and inside of bacterial cell corresponding to the applied concentration of
ZnO NHs. It is envisaged from Fig. 6 (a) that S. aureus showed higher adsorption of ZnO
compared to E. coli, and the values were increased with the increase of concentrations. Besides,
due to the difference in cell wall thickness and compositional discrepancies, the penetration of
NHs through E. coli cell interface was found higher than that of S. aureus as shown in Fig. 6
(b). The percentage molar concentration of ZnO into the cell was calculated to be about 0.02
with respect to the corresponding accumulated concentration onto the surface of the cell wall in

all cases. Although with increasing ZnO NHs concentrations, adsorption and penetration rates

16

ACS Paragon Plus Environment



Page 17 of 32

©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

for E. coli and S. aureus were found an opposite relationship which can be realised by

measuring the relative slopes from the trend lines.

CONCLUSION

A unique green synthesis route for saponin imprinted ZnO NHs was established. These NHs
were highly active against both P. debarynum and E. coli at concentration 10% 10% mol L. The
interaction mechanisms involved with the system were electrostatic, adsorption and diffusional
penetration promoted by functional groups present in proteinous microorganisms, their cell wall
thickness and concentration of NHs. The NHs was found to block the active sites of the proteins
present in the cell wall thereby inhibiting the enzymatic synthesis of a bacterial cell which was
supported by molecular docking studies. The binding affinity and interaction energies were
greater for lipocalin Blc, thus suggesting a stronger interaction of the ZnO NHs with the E. coli.
Additionally, to understand the antimicrobial activity of nanostructures at a cellular level, a
facile kinetic mathematical model has been proposed where endocytosis rate of NHs was
predicted. It was also proved that an increasing the concentration of ZnO NHs resulted in a
reduction of the number of bacterial cells. These combined phenomena would play a vital role
to explore core-corona interfacial interaction mechanisms at a nanoscale in more complex

biological systems.
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SUPPORTING INFORMATION includes an antimicrobial activity, XRD and BET, SEM
analysis of saponin imprinted ZnO nano-honeycombs. The results of ZnO NHs interactions and
cell wall cleavage, representation of an interaction of NHs with bilayer at nanobio-interface and
cleavage of a cell wall structure of gram-positive bacteria. The concentrations of ZnO NHs on
the surface and inside of the bacterial cell wall have been calculated using the mathematical
model to evaluate theoretically the amount of NHs, which cross the surface and reach within the
cell. Tables summarised the Cdocker and Interaction energies of different poses of
Lipopolycaccharide as well as Cdocker and interaction energies of different poses of Lipocalin

Blc. This information is available free of charge via Internet at http://pubs.acs.org.
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Caption of the Figures
Figure 1. Schematic presentation of SIZnO NHs preparation process; step 1. Self-assembly of
ZnO precursor and template, step 2. Nucleation and aggregation of molecularly imprinted

saponin ZnO matrix, and step 3. Fabrication of SIZnO NHs via template removal.

Figure 2. Effect of saponin imprinted ZnO nano-honeycombs concentration on fungi (a) S.

rolfsii, (b) P. debarynum and bacteria (c) E. coli, (d) S. aureus

Figure 3. TEM image of saponin imprinted ZnO NHs synthesised by microwave irradiation (a),
distribution of pores on the surface (a'); SEM morphologies of E. coli and S. aureus before (b,
c¢) and after addition of ZnO NHs (b’, c’) respectively.

Figure 4. Illustration of saponin imprinted ZnO NHs docking and interaction in binding sites
with (a,b) lipopolysaccharide, (c,d) lipocalin Blc binding proteins, (e,f) Staphyloccocal protein

A and (g, h) C-domain of protein A.

Figure 5. Changes of cell density in terms of experimental and simulated values with respect to

time, (a) E. coli and (b) S. aureus.

Figure 6. Concentration of ZnO NHs (a) accumulated on the bacterial cell surface and (b) inside

of the bacterial cell against the applied concentrations after 600 min.
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