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ARTICLE INFO ABSTRACT

Keywords: To understand the effect of counter ions (Na*) on the secondary conformation and functionality of the lysozyme,
Counterion we have studied the interaction of lysozyme with counterion associated iron oxide nanoparticles (IONPs). The
Lysozyme investigation was carried out at pH 7.4 and 9.0, with three different types of NPs, namely, bare IONPs, low

Low molecular weight chitosan
Reverse-charge-parity counterion
Protein-nanoparticle electrostatics interaction

molecular weight chitosan modified IONPs (LMWC-IONPs) and the counterion (Na*) associated sodium tripo-
lyphosphate IONPs (STP-LMWC-IONPs) and confirmed by using various spectroscopy techniques. The difference
in UV-vis absorbance (AA) between native and STP-LMWC-IONPs interacted hen egg white lysozyme (HEWL)
was greater than that between native and NPs interacted HEWL at pH 9.0 compared with pH 7.4. Furthermore,
STP-LMWC-IONPs exhibited quenching effect on lysozyme fluorescence spectrum at pH 9.0 due to binding of
Na* counterions to the protein, confirming denaturation of the latter. After HEWL interaction with STP-LMWC-
IONPs (pH 9.0), CD spectra revealed a conformational change in the secondary structure of HEWL. Also,
counterion induced lysozyme inactivation, due to interaction with nanoparticles at pH 9.0, was confirmed by
enzymatic activity assay involving lysis of Micrococcus lysodeikticus. In conclusion, pH 9.0 was observed to be a
more favorable condition, compared to pH 7.4, for the strongest electrostatic interaction between lysozyme and
NPs. We postulate that the counterions in nanoparticle surface-coating can ameliorate protein misfolding or
unfolding and also prevent their aggregation and, therefore, can be considered as a powerful and potential
therapeutic strategy to treat incurable neurodegenerative disorders.

1. Introduction toxicity by interrupting intracellular transport, overwhelming protein

degradation mechanisms, and/or altering vital cellular activities. In

Nanoparticles (NPs) have attracted substantial attention in the de-
velopment of new diagnostic and therapeutic strategies against many
diseases; due to their unique and attractive properties such large sur-
face area-to-volume ratio, size, surface charge, and bio-compatibility.
When used for biomedical applications, NPs can interact with proteins
inside the body and induce significant perturbations in their structure
and functions, resulting in misfolded protein fibrils. In recent years,
misfolding of proteins mediated by NPs has shown great promise for
alleviating many human amyloidogenic diseases. Many research groups
have, therefore, extensively studied the interaction of amyloid protein
fibrils with different types of NPs that have exhibited potential for the
therapy of neurodegenerative disorders [1]. In neurodegenerative dis-
eases, protein fibrils accumulate in various parts of the body that exerts
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vitro and in vivo, protein interaction behavior can be regulated by
modifying physicochemical properties including ionic strength, pH,
temperature and other several factors such as hydrophobicity, the
secondary structure of proteins, the activity of chaperons, inhibitors
and also size and shape of NPs [2-4]. However, NPs possess an en-
ormous surface area and the interaction of NPs with proteins can affect
both conformation and activity of the protein.

Amongst the varied NP systems, magnetic NPs have been ex-
tensively employed in diverse biomedical applications including, di-
agnosis, biomedical imaging, drug delivery, as biosensors and for
cancer hyperthermia [5]. Moreover, the safety and efficacy of these
nanoparticles can be suitably tailored using appropriate ligands, e.g.,
polymers, lipids, detergents, small biomolecules [6]. Despite their huge
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potential, the interaction of surface modified magnetic-nanoparticles
with proteins has not been widely explored. This is especially important
because NP surfaces can specifically interact with misfolded proteins
and have the capability to interfere with the fibrillation process [7]
which is a hallmark of many neurodegenerative disorders [8].

For this purpose, we have used biocompatible low molecular weight
chitosan (LMWC) polymer for surface modification of IONPs, which can
improve the interactions between NPs and cells [9,10]. In pH 9.0, se-
lective binding of LMWC-IONPs was observed with protein, which is in
fair agreement with earlier results on the reverse-charge-parity model.
In addition, in-vitro cell toxicity study confirmed that LMWC-IONPs are
safe in mammalian cell lines [9]. The investigation employed lysozyme
as an amyloidogenic model protein because of its homology to human
lysozyme [11]. It is also the most extensively used model protein for
studying protein-nanoparticle interactions [9]. It is abundantly found in
biological fluids such as tears, saliva, serum or urine.

The reason for lysozyme being extensively used as a model protein
for folding and aggregation mechanism is the abundant information
available on its 3D structure, aggregation mechanisms and folding/
unfolding process [12]. Lysozyme or hen egg white lysozyme (HEWL) is
also a well-known enzyme that specifically degrades the microbial cell
wall by hydrolysis of [-(1 — 4)-glycosidic bonds between N-acetyl
muramic acid and N-acetyl glucosamine in peptidoglycan sugar backbone.
The enzymatic activity of lysozyme presents a convenient tool to de-
termine any changes in activity and hence can be suitably used to study
the structure of HEWL upon NPs interaction [13]. Owing to these
properties, lysozyme has been selected as a model protein to study
surface modified magnetic interactions.

In one study, Ghosh et al. have proposed protein-nanoparticle-RPC-
counterion model and have demonstrated the electrostatic interaction
between negative surface NPs and positive surface HEWL [14]. Re-
cently, we have published “protein-nanoparticle electrostatic interac-
tions of surface-modified iron oxide nanoparticles (LMWC-IONP) with
lysozyme” at various pH ranges 3.0-12.0 [9]. Our findings demon-
strated that pH 9, which is favorable for the electrostatic protein-na-
noparticle interaction. In addition, we have confirmed biocompatibility
of NPs for safe biomedical use. The present work is an extension of an
earlier study on “effect of counterion functionalized biocompatible
LMWC-IONPs on activity and conformation of lysozyme”. In this study,
we have applied our previously gained knowledge of protein-nano-
particle electrostatic interaction. Here, we have employed sodium tri-
polyphosphate (STP), which contains Na™ as a counterion. STP plays a
dual role in this study, on the one hand, as counterion agent and, on the
other hand, as cross-linking agent i.e., negatively charged phosphate
groups of STP cross-links with amino groups of chitosan (shown
Fig. 1A). Using this model, we predict the results of competitive binding
of three different NPs to lysozyme, as a function of pH. Also, electro-
static interactions between protein and NPs were investigated using
zeta potential measurements. Further, fluorescence quenching and
conformational changes in protein secondary structure, before and after
interaction with NPs, were investigated with the help of fluorescence
spectroscopy and circular dichroism (CD). In addition, an enzymatic
assay was executed to the elucidate activity of interacted lysozyme
using Micrococcus lysodeikticus cells, which also supports the CD studies.

2. Materials and methods
2.1. Materials

Hen egg white lysozyme (Lyophilized powder, chicken egg white,
>90%), sodium tripolyphosphate (85%, My = 367.86 g/mol),
FeCl3'6H,0 (97% purity), FeCly4H,0 (99% purity), NH,OH (30%) and
lyophilized cells of M. lysodeikticus (A.T.C.C. 4698) were procured from
Sigma-Aldrich, St. Louis, USA. LMWC (My ~ 20KDa) was gift product
from Amicogen Co., Korea. Fresh 10 mM Tris buffer and deionized
water (DIW) is used for the preparation of stock solutions.
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2.2. Synthesis and surface modification of IONPs

IONPs was synthesized from chemical co-precipitation technique
using aqueous alkaline (30% NH4OH) solution [15]. The synthesis
procedure has been elaborated in our previous manuscript [9]. The
resulting IONPs was separated by strong magnet and followed by al-
ternately washing with DIW until neutral pH value is achieved in the
supernatant. Then, the surface of IONPs is coated with positively
charged-LMWC polymer using a previously reported method [9]. The
separated LMWC-IONPs were washed alternately with DIW to remove
free LMWC. The surface of cationic LMWC-IONPs was further grafted
with anionic STP molecules, containing Na™ counterions (Fig. 1A). In
brief, dried LMWC-IONPs was added in STP solution and sonicated for
2h [15]. STP-LMWC-IONPs were then separated by the magnet at the
bottom of the container. The supernatant was decanted and the black
precipitate of NPs was washed several times with deionized water to
remove unbound STP molecules. The samples were dried at 25 °C until
further use.

2.3. Surface characterization of NPs by FT-IR spectrophotometer

Surface modification of IONPs was assessed using FTIR spectro-
photometer (IR affinity-1, Shimadzu, Japan), using KBr-potassium
bromide pellet method. About 5mg of NPs was mixed with 100 mg of
dried KBr and then pelletized at 10,000-14,000 psi using a hydraulic
press. The characteristic peaks for all samples were recorded in the

wave number range of 400-4000 cm ™!, with a resolution of 1 cm™?.

2.4. Surface characterization of NPs by zeta potential measurements

The influence of pH on the surface charge of NPs is extremely im-
portant while investigating protein-nanoparticle electrostatic interac-
tions. Zeta potential of three NPs and native lysozyme was analyzed at
pH 7.4 and 9.0 with dynamic light scattering analysis (DLS; Malvern
Zetasizer Nano ZSP), which are used as controls for protein interaction
studies. Similarly, all zeta potential values were obtained in triplicate
experiments.

2.5. Incubation of proteins with nanoparticles

The surface charge of both NPs and HEWL in the range of pH
3.0-12.0 have been reported in our earlier publication [9]. Based on the
earlier results of reverse charge parity counterion (RCPC) model, here, we
have selected two pH values 7.4 and 9.0 to assess the electrostatic in-
teractions between negative surface charge counterion-associated NPs
and positive surface charge protein. Fig. 1B depicts zeta potential values
for lysozyme and STP-LMWC-IONPs in the range of pH 3.0-12.0.
Clearly, pH 7.4 and 9.0 were observed to be suitable for studying the
protein-nanoparticle RCPC interaction, due to the presence of opposite
charges at this pH. Here, lysozyme solution (1 mg/mL) was freshly
prepared in 10 mM Tris buffer (at pH 7.4 and 9.0). Thereafter, dry
powder (concentration: 1mg/mL) of each nanoparticulate system
(IONPs, LMWC-IONPs, and STP-LMWC-IONPs) was separately dis-
persed into the protein solution, at 4 °C for 48 h. After 48 h incubation,
we have collected supernatant (NPs interacted lysozyme) from the
samples by separating magnetic NPs using a strong magnet. Then, in-
teracted-lysozyme is used for further analysis including, zeta potential,
UV-visible, fluorescence and CD spectroscopy.

2.6. Protein-nanoparticle electrostatic interaction by zeta potential
measurements

The protein-nanoparticle electrostatic interaction can be de-
termined by variation in their surface charges, which was confirmed by
measuring the zeta potential of both, ‘interacted lysozyme’ and ‘lysozyme
adsorbed nanoparticles’ [14]. All zeta potential measurements were
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recorded in triplicate using Zetasizer Nano ZSP instrument, at 25 °C.

2.7. Protein-nanoparticle interactions using spectroscopic techniques

The UV-visible spectrum of ‘native HEWL’ and ‘NPs interacted
HEWL’ was analyzed at far-UV 180-230nm region and near-UV
240-300nm region by using a DeNovix DS-11 UV-vis spectro-
photometer. Difference in the absorbance (AA) spectra of ‘native lyso-
zyme’ and ‘NPs-interacted lysozyme’ was determined by subtracting the
absorbance of ‘native lysozyme’ from the absorbance of ‘interacted ly-
sozyme’ over a range of 220-250 nm.

Further, counterion-induced fluorescence quenching of HEWL was
explored using a SynergyH1 model fluorescence spectrophotometer
USA, between 300 and 450 nm, at an excitation wavelength of 295 nm.
Appropriate blanks corresponding to the buffer were subtracted to
correct background fluorescence.

CD experiments were carried out to evaluate the counterion-in-
duced change in the secondary conformation of lysozyme, using cir-
cular dichroism spectrometer, Jasco J-815, USA. All samples were
measured over a range of 190-260 nm using a quartz cell with 1 mm
path length at 25°C. The CD spectra were subjected to baseline cor-
rections. Each spectrum was the average of three successive scans (scan
rate 100 nm/min) and determined using CD spectra deconvolution
software CDNN 2.1, Germany.

2.8. Assay for enzymatic activity of lysozyme

Lysozyme assay was performed to understand the activity of native
and interacted lysozyme using M. lysodeikticus cells. Lysozyme specifi-
cally degrades the microbial cell wall by hydrolyzing the pB-(1 —4)
glycosidic bonds between N-acetyl muramic acid and N-acetyl gluco-
samine of peptidoglycan sugar backbone [16]. Briefly, M. lysodeikticus
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cell suspension (0.3 mg/mL) was freshly prepared in 66 mM KH,PO,4
(pH 6.2). Activities of both ‘native’ and ‘interacted’ lysozyme were
quantified by adding 50 pL of samples to 200 pL of cell suspension in a
96-well microplate. The change in optical density of cell suspension was
recorded every 30s and over a 4 min time period, at 450 nm, using
Synergy H1 microplate reader, Bio-Tek Instruments, USA. The decrease
in optical density of cell suspensions was regarded as an indication for
the hydrolysis of cell wall, in turn reflecting the activity of lysozyme.
The measurements were conducted in triplicate, at 25 °C.

Furthermore, change in turbidity of M. lysodeikticus cell suspension
(lysozyme activity) in presence of lysozyme (native and interacted) was
visualized by trypan blue staining method, under microscope (EVOS
microscope, Life Technologies). Trypan blue is a colorimetric dye that
stains dead cells with a distinctive blue color. After incubation with
lysozyme (native and interacted), M. lysodeikticus cell suspension
transferred on the hemocytometer and stained with trypan blue (0.4%),
in 1:1 ratio and the turbidity (aggregates) was assessed using micro-
scopy and all samples were captured in triplicate.

3. Results and discussion
3.1. Characterization of functionalized NPs by FT-IR

Three types of NPs were characterized by FT-IR spectra (Fig. 2) to
confirm the surface modification of NPs. The FT-IR spectra exhibited a
broad absorption band at 580 cm ™!, for all the three NPs, corre-
sponding to the Fe—O bond vibration of IONPs [15]. The spectrum of
LMWC-IONPs (Fig. 2B) showed a band at 1635 cm ™}, contributed by
the primary amino group (—NH,) of LMWC [17]. The broad and strong
band at 3321 cm ™%, in this spectrum, may be attributed to overlapped
stretching vibrations of the —OH and —NH functional groups of LMWC
[17]. A new band observed at 1062 cm ™! (Fig. 2B) was attributed to

IONPs LMWC-IONPs

STP-LMWC-IONPs

30 -

10 A

Lysozyme
= e = STP-LMWC-IONPs

Zeta potential (mV)

~‘I--——----{

9 12

pH

Fig. 1. (A) Schematic representation of surface functionalization of counterion associated STP-LMWC-IONPs. (B) pH-dependent zeta-potential analysis for lysozyme

and STP-LMWC-IONPs in range of pH 3.0-12.0.
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Fig. 2. FT-IR spectra of IONPs (A), LMWC-IONPs (B) and STP-LMWC-IONPs
Q).

—CH—OH vibration of LMWC [18]. These results confirmed the pre-
sence of LMWC coating on IONPs.

In Fig. 2C, FT-IR (STP-LMWC-IONPs) spectra show the presence of
characteristic absorption bands in the range of 1160-1030 cm ! and at
900 cm ™~ ?, corresponding to the P=0 and P—O stretching modes, thus
confirming the presence of STP on LMWC-IONPs [17]. These char-
acteristic bands are absent in the IONPs and LMWC-IONPs spectra.
Moreover, increased intensity of the band at 1635 cm™ !, from the
spectrum of LMWC (Fig. 2C), indicated an ionic interaction between
negatively charged phosphates (—PO4>~) groups of STP and amino
(—NH3*? groups of LMWC [19]. The absorption bands of STP, between
1160 cm ™' and 1030 cm ™!, were merged with new band observed in
LMWC-IONPs at 1062 cm ~ (Fig. 2C). These results are also consistent
with earlier reports [17,19] and confirmed the presence of STP on
LMWC-IONPs.

3.2. Surface characterization of nanoparticles by zeta potential
measurements

Fig. 3 shows the zeta potential of NPs at pH 7.4 and pH 9.0. At pH
7.4, upon surface modification of IONPs with LMWC, charge of IONPs
(—4.16 = 1.95mV) was shifted to —1.68 = 0.20mV, and further
changed to —17.40 + 0.81 mV, after association with STP. Similarly at
pH 9.0, upon LMWC coating surface charge of IONPs
(—22.05 = 4.45mV) was shifted to —13.97 = 2.65mV, and then
decreased to —27.20 + 0.91 mV after association with STP. This large
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Fig. 3. Zeta potentials of protein adsorbed NPs at pH 7.4 (A) and 9.0 (B). Zeta
potentials of NPs-interacted protein (present in supernatant) at pH 7.4 (C) and
9.0 (D).

negative charge on STP-LMWC-IONPs was attributed to the PO,>~
groups of STP.

3.3. Investigating electrostatic interactions between protein and NPs using
zeta potential measurements

In the earlier publication, we have reported pH-dependent surface
charge analysis for both NPs and HEWL over the range of pH 3.0-12.0
[9]. In this study, we have measured the zeta potential of NPs before and
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after interaction with lysozyme at pH 7.4 and 9.0 (Fig. 3A and B). Our
results show that, upon electrostatic interaction with lysozyme, the zeta
potential of negatively charged NPs turned positive, at both pH 7.4 and
9.0. After adsorption of lysozyme on nanoparticles, at pH 7.4, the zeta
potential of IONPs (—4.16 + 1.95mV), LMWC-IONPs (—1.68 *=
0.20mV) and STP-LMWC-IONPs (—17.40 = 0.81 mV) increased to
+0.92 + 0.22mV, +6.83 + 0.33mV and +11.90 * 0.16 mV, re-
spectively (see Fig. 3A and Table S1). Similarly, at pH 9.0, the zeta po-
tential of IONPs (—22.05 * 4.45mV), LMWC-IONPs (—13.97 =
2.65mV) and STP-LMWC-IONPs (—27.20 = 0.91mV) increased to
+1.42 + 0.45mV, +2.76 + 0.21mV and +6.12 = 0.36 mV, respec-
tively (see Fig. 3B). This was thought to be due to the binding of lyso-
zyme (a positively charged protein) on the surface of NPs, which is in
agreement with the RCPC interaction model [14]. These results were also
consistent with surface charge results in our earlier reports [14,15]. This
confirmed that the opposite charges of protein and nanomaterials can
influence the protein-nanoparticle electrostatic interaction in the phy-
siological conditions.

Furthermore, we recovered the ‘interacted lysozyme’ from the su-
pernatant by separating lysozyme adsorbed NPs (Lys-NPs) using a
strong magnet and measured the zeta potential of interacted lysozyme.
After interaction with NPs, interacted lysozyme showed a drastic
change of zeta potential from negative to positive values at both pH 7.4
(Fig. 3C) and pH 9.0 (Fig. 3D). This variation in zeta potential was
consistent with all three types of NPs. Interestingly, STP-LMWC-IONP,
upon interaction with lysozyme, always exhibited a higher positive zeta
potential than the other IONPs, which may be due to the binding of
more number of lysozyme. This could be driven by the Na+ counterion
induced electrostatic interaction at specific sites of the protein [20,21].
In other words, according to counterion induced interaction Model-II,
the Na* counter ions released from STP-LMWC-IONPs will accumulate

21

on the protein surfaces and then water molecules will diffuse the Na*
counterions into protein hydrophobic core, thus leads to the unfolding
of lysozyme [15]. As per the RCPC model, counterion-interacted lyso-
zyme demonstrated a more positive zeta potential in pH 9.0 compared
with pH 7.4. These results were further validated by comparison with
the results from UV-visible, fluorescence and CD spectroscopy.

3.4. Investigating protein-nanoparticles interaction by UV-visible
absorbance measurements

The UV-visible absorption band of lysozyme, in the range of
220-230nm, was used to investigate any protein unfolding upon in-
teraction with all the three types of NPs, at both the pH values (Fig. 4).
The bands around 226 are attributed to the secondary folding of the
protein and second band at 280 nm is due to the wt—x* transition of
aromatic amino acid residues (Tyrosine, Tryptophan and Phenylala-
nine), respectively [22].

After the interaction, an obvious decrease in the absorbance (at
226 nm) was observed with IONPs, LMWC-IONPs, and STP-LMWC-
IONPs, at both pH 7.4 and 9.0 (Fig. 4A and B). The exact detectable
changes (AA) at A,y were determined by subtracting the absorbance of
‘native lysozyme’ from the absorbance of ‘interacted lysozyme’, over the
range of 220-250 nm, which showed the minima at around 226 nm.
The decrease of AA at 226 nm, with a blue shift, is clearly observed
upon interaction with STP-LMWC-IONPs; the AA being greater with all
the IONPs at pH 9.0 than at pH 7.4 (shown in Fig. 4C and D). Using
UV-vis absorption at 280 nm, the percentage of protein binding on the
surface of NPs was calculated, by subtracting the unbound lysozyme
present in the supernatant from the initial known concentration of ly-
sozyme (see Fig. S1). These findings clearly indicated that pH 9.0 favors
the strongest reverse-charge-parity-counterion (STP-LMWC-IONPs)
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and D, respectively.

interaction with lysozyme. It further illustrated that the Na* counter-
ions of STP play a crucial role in protein unfolding. The AA results are
correlated well with those from our earlier report [23].

3.5. Fluorescence quenching measurements

The RCPC interaction of lysozyme with charged IONPs was further
investigated by measuring the quenching of intrinsic fluorescence of
tryptophan (Trp) residues of lysozyme, before and after interaction with
bare and surface modified IONPs. The fluorescence band at 340 nm

22

(upon excitation at 295 nm), showed any change in the band position in
Fig. 5A (pH 7.4). The band corresponding to the IONPs-interacted ly-
sozyme showed a slight decrease; whereas the band corresponding to
the LMWC-IONPs interacted-lysozyme exhibited a slight increase in
intensity. The increase in intensity was due to the lower negative charge
on LMWC-IONPs that resulted in a weaker interaction with lysozyme.
These results are consistent with the UV-visible results. Fig. 5B shows
that the absorbance intensity gradually decreases after interaction with
nanoparticles at pH 9.0. The findings are in good agreement with our
earlier observations on fluorescence quenching of lysozyme upon IONPs
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Fig. 6. Enzymatic activity of lysozyme, before and after interaction with NPs at pH 7.4 (A) and 9.0 (B).

interaction (in pH 9.0) [9]. The quenching order was observed as;
IONPs < LMWC-IONPs « STP-LMWC-IONPs at pH 9. The decrease in
fluorescence intensity was assigned to the binding of Na™ ions, as well
as the complex formation of STP-LMWC-IONPs with Trp residues of
lysozyme [15]. In addition, the increased negative surface charge of
STP-LMWC-IONPs was thought to enhance the electrostatic binding
with lysozyme, which resulted in a decrease in fluorescence intensity at
pH 9.0.

3.6. Understanding the changes in secondary structure of the protein

Fig. 5C and D shows the CD spectra of lysozyme, before and after
interacting with NPs, at pH 7.4 and pH 9.0, respectively. A small change
in absorption minima of native lysozyme was observed with pH 9.0 due
to the alteration in secondary structure or conformation of proteins,
which are very sensitive to environmental factors such as pH and
temperature. Upon NPs interaction at pH 9.0, the intensity of negative
bands decreased remarkably, with a distinctive change in peak shape
(see Fig. 5D), while the shape of the peaks and the peak position almost
remains same at pH 7.4 (see Fig. 5C). Unfolding of secondary structure
of lysozyme reduced (less negative) the CD spectra minimum at
208 nm, after interaction with charged nanoparticles [24,25]. This in-
dicated the involvement of counterion binding with aromatic amino
acid residues such as tyrosine, tryptophan, and phenylalanine. Com-
pared to IONPs and LMWC-IONPs, the decrease in intensity was more in
presence of counterion functionalized-IONPs (STP-LMWC-IONPs), at
both pH 7.4 and 9.0, which could be due to the preferential binding of
counterions (Na™) with lysozyme via electrostatic interaction. This in-
dicated an alteration in the secondary structural elements of lysozyme.
According to RCPC model, pH 9.0 provides a suitable condition for the
electrostatic interaction between lysozyme and STP-LMWC-IONPs. It is
to be noted here that STP-LMWC-IONPs at pH 9.0 caused a remarkable
reduction in the absorbance minima (CD signal intensity) compared
with pH 7.4. These results indicated that the surrounding pH controlled
the secondary folding of lysozyme during its interaction with IONPs.
The findings are in good agreement with UV-visible results of our
earlier publication [9]. These observations are also in compliance with
the previous publication [15].

3.7. Engymatic activity of nanoparticle-interacted lysozyme
The enzymatic activity can be directly correlated with the secondary

folding of nanoparticle interacted-lysozyme, as shown in Fig. 6 since
the activity of enzymes is solely dependent on their structural

23

conformation [26]. In the active conformation of lysozyme the carboxyl
groups of glutamic acid-35 (Glu 35) and the aspartic acid-52 (Asp 52)
residues are the probable active binding sites for catalysis [27]. Both
residues lie on opposite sides of a cleft in the surface of lysozyme, and
are surrounded by a hydrophobic and hydrophilic environment, re-
spectively. When both groups undergo complete ionization or proto-
nation, the enzyme becomes inactive [28].

Fig. 6 shows the activity of nanoparticle interacted-lysozyme, in
comparison to that with its native conformation, which indicated a
decrease in the optical density (at 450 nm) of M. lysodeikticus cell sus-
pension over time. Native lysozyme exhibited the highest enzymatic
activity on M. lysodeikticus cells, at both, pH 7.4 and 9.0, which is in
good agreement with an earlier report [28]. At pH 7.4 and 9.0, the
enzymatic activity of lysozyme was gradually decreased with the con-
formational unfolding of lysozyme after the interaction.

It is worth noting that STP-LMWC-IONPs (counterion) interacted
lysozyme showed a substantial decrease in activity at pH 9.0, than that
of lysozyme interacted with IONPs and LMWC-IONPs. Clearly, the
counterion induced inactivation of lysozyme can be observed at pH 9.0
(Fig. 6B). This may be attributed to the selective binding of Na™*
counterions with the glutamic acid-35 and the aspartic acid-52 amino
acid residues, causing an unfolding in the lysozyme secondary con-
firmation at pH 9.0 [29,30]. The decrease in activity confirmed the
ability of the counterion to unfold the native protein [31].

Fig. 7 shows microscopic images of lysozyme activity towards M.
Lysodeikticus cells, visualized by trypan blue staining under the micro-
scope. Change in cell turbidity (aggregates) was observed visually after
exposure to lysozyme. Fig. 7A and F show extreme turbidity of M. Ly-
sodeikticus cells (control) at pH 7.4 and 9.0, respectively, indicating the
maximum number of organisms at these pH values. At both, pH 7.4
(Fig. 7B) and 9.0 (Fig. 7G), we found that the native lysozyme showed
the maximum decrease in bacterial cell turbidity, as compared to the
control. At both pH values, the reduction in cell turbidity gradually
decreased depending on the enzymatic activity that solely depends on
conformational unfolding. The incomplete degradation of bacterial cells
indicates that lysozyme has lost its inherent cell lysis activity, upon
interaction with nanoparticles and the reduction in activity was in the
order, IONPs < LMWC-IONPs <« STP-LMWC-IONPs. Combined with
CD and fluorescence data, counterion-induced change in secondary
structure was accompanied with the inactivation of lysozyme lysing
activity and a change in fluorescence intensity. This confirmed that the
counterion-associated IONPs strongly interacted with lysozyme at pH
9.0 and that the secondary structure of the protein was affected by Na™*
counterions.
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Fig. 7. Effect of nanoparticles on lysozyme activity towards M. lysodeikticus cells visualized by trypan blue staining under microscope, scale bar, 400 pm. Change in
cells turbidity (aggregates) after exposure with native lysozyme (B), IONPs-Interacted lysozyme (C), LMWC-IONPs-Interacted lysozyme (D), STP-LMWC-IONPs-
Interacted lysozyme (E) at pH 7.4. Similarly, native lysozyme (G), IONPs-Interacted lysozyme (H), LMWC-IONPs-Interacted lysozyme (I), STP-LMWC-IONPs-
Interacted lysozyme (J) activity at pH 9.0. Image A and F shows only cells (control) at pH 7.4 and 9.0, respectively. Detected cells were marked with white colored

dash circles.

4. Conclusion

In summary, reverse-charge-parity-counterion (RCPC) interaction of
Na™ associated STP-LMWC-IONPs with lysozyme was studied by
UV-vis, fluorescence, and circular dichroism techniques at pH 7.4 and
pH 9.0. Our results indicate that all three types of IONPs have ability to
interact with lysozyme at both pH conditions. However, the counterions
(Na*) associated with STP-LMWC-IONPs showed selective binding with
amino acids of lysozyme in pH 9.0, due to lysozyme-nanoparticle
electrostatic interactions. Additionally, Na™ counterions have a greater
influence on the active sites of lysozyme and lead to a decrease in its
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lysing activity on M. lysodeikticus cells. Upon interaction with the
counterion-associated STP-LMWC-IONPs, inactivation of lysozyme was
also confirmed by the visual change in bacterial cell turbidity. At pH
9.0, counterion-induced conformational change (due to STP-LMWC-
IONPs) and inactivation of lysozyme was more significant, than the
bare IONPs and those without counterions (LMWC-IONPs). The effect of
counterions during protein-nanoparticle electrostatic interaction (RCPC
model) can be extended to other organic and inorganic nanoparticles
and may be considered as an important indicator during the develop-
ment of therapeutic nanomaterials.
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