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Abstract

Objectives: Up to now, little research has been
focussed on discovering how zeta potential inde-
pendently affects polymeric nanoparticle (NP) cyto-
toxicity.

Methods: Polymeric nanoparticles of gradient zeta
potential ranging from —30 mv to +40 mv were
fabricated using the same poly-3-hydroxybutyrate-
co-3-hydroxyhexanoate (PHBHHXx) biopolymer.
Interaction forces between nanoparticles and cells
were measured by atomic force microscopy
(AFM). Cytotoxicity of the nanoparticles to cells
was investigated by using MTT (3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2-H-tetrazolium  bromide)
assay.

Results: Four kinds of nanoparticle with similar
sizes and gradient zeta potentials, were fabricated.
Those with positive surface charges were found to
be more toxic than those with negative surface
charges. Positively charged nanoparticles or nano-
particles with higher ‘like’ charges, offered higher
interaction force with cells.

Conclusion: This work proposes a novel approach
for investigating interaction between NPs and cells,
and discloses the importance of controlling zeta
potential in developing NPs-based formulations in
the future.
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Introduction

Nanoparticles (NPs) have been widely investigated for
decades, this largely being due to their special proper-
ties, such as nanoscale size and large surface area. NPs
have shown great potential for use in the fields of bio-
medical and life sciences (1-7). Several reports on NP
applications in drug/gene delivery, in vivo imaging, as
well as disease diagnosis and treatment have been well-
documented (8-13). Despite these promising and
encouraging study reports, comprehensive understanding
of NPs is highly limited, especially concerning their
interactions with cells, and also potential toxicity.

It has recently been found that NP performance can
be substantially changed due to formation of protein
coronas surrounding them (14—17). Our previous work
has also shown that formation of albumin corona signifi-
cantly changes basic NP physicochemical properties,
their associated bio-responses, and also their toxicity
(18). Formation and composition of protein coronas are
largely dependent on NP size and their surface proper-
ties, including hydrophilicity/hydrophobicity, biocompat-
ibility and zeta potential/surface charge (19,20). NP
interactions with proteins are therefore determined by
their size and surface properties.

NP particle size and surface chemistry also influence
their interactions with, and toxicity to cells. Although
the past decades have witnessed significant nanotechnol-
ogy progress in various areas, potential nanotoxicity
derived from extremely small nano-sized NPs, with
large surface area to volume ratio, has been a critical
research issue which has to be addressed before nano-
products can be commercialized for large scale use (21).
More attention particularly needs to be paid to nanotox-
icity when NPs are designed for biomedical use, since
nanoscale particles will be directly exposed to bodily
fluids, cells and organs (22-24). Toxicity induced by
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NPs can be varied between different types of NPs,
according to their different properties. Understanding
factors that affect NP nanotoxicity is thus important, to
know how to efficiently predict and minimize it.

Factors impacting NP nanotoxicity are their basic
physicochemical properties, such as particle size, shape,
zeta potential, surface roughness, surface hydrophobic-
ity, and biocompatibility (21). A plethora of articles has
reported effects of particle size, shape, hydrophobicity,
and biocompatibility on nanotoxicity (23,25,26), but
there are very few which demonstrate effects of negative
or positive surface charges on toxicity, from metal or
carbon nanomaterials (27,28). Moreover, research is
lacking on discovery of how zeta potential indepen-
dently affects polymeric NP toxicity. NP surface charge,
which can either be negative or positive (based on
employed material properties and fabrication methods)
(29-34), is one of the most critical, influencing func-
tions of NPs.

In this work therefore, we have aimed to fabricate
four polymeric NP systems, with different zeta potentials
(including both negative and positive zeta potentials),
investigating their effect on polymeric NP cytotoxicity,
and disclosing its mechanisms by quantifying interaction
force between NPs and cells.

Materials and methods

Materials

Poly-3-hydroxybutyrate-co-3-hydroxyhexanoate
(PHBHHXx) containing 14 mol% R-3-hydroxyhexanoate,
with 175 000 Mw, was obtained from Lukang Group
(Shandong, China). Poloxamer 188 (F68) was kindly
donated by BASF (China) Co. Ltd. (Shanghai, China).
Sodium deoxycholate (DOC-Na) and octadecylamine
(OA) were supplied by Amresco (Solon, OH, USA). All
other chemicals and reagents were of analytical grade.

Preparation of NPs with different zeta potentials

A biocompatible biopolyester PHBHHx was used as
the main biomaterial for NP preparation. PHBHHx
NPs with negative zeta potential were prepared accord-
ing to previous reports, with some modifications
(8,18,35). Briefly, 20 mg PHBHHx was dissolved in
chloroform and the resultant organic solution was
mixed with an aqueous solution containing 0.1% (m/v)
F68, and different amounts of sodium deoxycholate,
1:20 volume ratio. The mixture was then immediately
sonicated under different conditions and NPs were
obtained after emulsion evaporation for 20 min at room
temperature. When preparing positively charged NPs,
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20 mg PHBHHx and certain amounts of octadecyl-
amine were co-dissolved in chloroform and the resul-
tant organic solution was mixed with 0.1% F68
solution at 1:20 volume ratios. Subsequent processes
were the same as above and detailed fabrication param-
eters are listed in Table 1.

Physicochemical characterization of NPs

Particle size, size distribution and zeta potential of the
various NPs were measured using dynamic light scatter-
ing and electrophoretic light scattering technologies
using Zetasizer Nano ZS90 (Malvern Instruments Ltd.,
Worcestershire, UK). Particle size was presented by
intensity distribution, and size distribution was evaluated
by polydispersity index (PDI).

Morphology of NPs was characterized using scan-
ning electron microscopy (SEM, INSPECT F, FEI, Ne-
therland) and the freshly prepared NPs were diluted
with distilled water 100-200-fold. One drop of diluted
NP solution was placed on mica sheets, and after air-
drying, samples were coated with gold before SEM
characterization measurements.

Colloidal stability of NPs

A single aliquot of freshly prepared NPs (1 ml) was
added to each centrifuge tube and incubated at 37 °C.
Particle size of each NP was measured and compared
at different time intervals (0, 6, 24, 48 and 72 h), to
indicate their thermodynamic stability. In addition,
0.2-ml aliquot from upper layers of liquid was col-
lected at the same fixed time intervals. Transmittance
values from collected samples were recorded at
550 nm and compared, to indicate NP kinetic stability
(36,37).

Cytotoxicity

Cytotoxicity of the various NPs was examined by
MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tet-
razolium bromide) assay on mouse L929 fibroblasts.

Table 1. Detailed parameters for fabricating NPs of various zeta
potentials

Samples  PHBHHx  OA F68 DOC-Na  Sonication
no. (mg) (mg) (%, WIV) (%, WIv) time (s)
NPs-1 20 0 0.1 0.02 30

NPs-2 20 0 0.1 0.05 15

NPs-3 20 0.15 0.1 0 50

NPs-4 20 0.25 0.1 0 30
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Briefly, cells were plated on 96-well culture plates at
2000 cells/well and cultured at 37 °C in 5% CO, for
24 h. Culture medium was then discarded and cells
were then exposed to different NP concentrations dis-
persed in blank culture medium. Cultured cells in the
blank culture medium served as controls. MTT assay
medium was added to each well at predetermined time
intervals (24, 48 or and 72 h), followed by further
incubation for 4 h. It was then replaced with
dimethyl sulphoxide and absorbance from the resulting
solution detected at 490 nm. Cell viability was deter-
mined as percentage absorbance of treated cells to that
of controls.

In addition to MTT assay, cells were stained with
Calcein-AM fluorescent dye and propidium iodide (PI)
with NP exposure to 50 pg/ml for 24 h, to differenti-
ate between living and dead cells respectively. Briefly,
1929 cells were plated on 48-well cell culture plates
at 10 000 cells/well and cultured at 37 °C in 5% CO,
for 24 h. Culture medium was then replaced by fresh
medium containing 50 pg/ml NP and culturing was
continued for 24 h. Culture medium containing NPs
was subsequently discarded and cells were washed in
PBS buffer (0.01 M, pH 7.4) containing 2 pum Calce-
in-AM; 4 um PI was then added. Cells were then
washed in fresh PBS followed by observation using
fluorescence microscopy.

Interaction force between NPs and cells

Interaction between the various NPs and 1929 cells
was determined using atomic force microscopy (AFM,
SPM9600; Shimadzu, Kyoto, Japan) contact model.
Briefly, cells were cultured on clean, round glass cov-
erslips placed in the 48-well plate; culturing conditions
were the same as above. AFM cantilever tips were
immersed into various NP solutions, followed by air-
drying, so that the tips were coated with NPs. Culture
medium was discarded after 24 h culture and cells-
loaded coverslips were rapidly removed for AFM
measurement, using the NP-coated cantilever under
contact model. Interactions between NPs with random-
ized three cell positions were measured, and ten mea-
sured pieces of data from each position were
recorded.

Statistical analysis

All data shown in this study are presented as
mean + SD (standard deviation). One-way analysis of
variance was used to compare differences between
groups, considered to be statistically significant when P
values were <0.05.

© 2015 John Wiley & Sons Ltd
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Results

Preparation and physicochemical characterization of
NPs

To exclude effects other than zeta potential from other
factors, we prepared NP with desired zeta potentials by
adjustment of surfactant type and amount, while main-
taining all the other conditions to be identical (Table 1).
Four kinds NP, as a result had similar size, over the nar-
row range of 220-245 nm (Fig. 1). In contrast, zeta
potentials from these NPs were significantly different,
increasing from —30 mv to +40 mv. In detail, mean
zeta potentials of the obtained NPs were —21.2 mv for
the NPs-1, —28.0 mv for the NPs-2, 20.0 mv for the
NPs-3, and 44.9 mv for the NPs-4.

In addition to particle size and zeta potential value,
their distributions were also an important parameter for
evaluating quality of the NPs system. As shown in
Fig. 2, size distribution of negatively charged NP-1 and
NP-2 categories presented single, narrow peaks while
positively charged NP-3 and NP-4 categories had double
peaks. Size distribution is usually also presented as PDI,
a numerical value in the range of 0-1, the lower the
value the better the NPs (38). PDI values from obtained
NPs were calculated as 0.136 for NP-1, 0.098 for NP-2,
0.194 for NP-3, and 0.188 for NP-4 (Fig. 2). The above
results indicate that negatively charged NPs had better
size distribution than positively charged ones as
described in this work, although PDI values from all the
NPs were quite acceptable (PDI < 0.3 means a good
size distribution). Unlike size distribution, zeta potential
distribution of all the kinds of NPs lay in a narrow
range, indicating good zeta potential distribution for
each type of NP.

300
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200
180
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140
120
100

N Size 1 50
—l— Zeta potential

Size (nm)
Zeta potential (mv)

NPs-1

NPs-2 NPs-3 NPs-4
Figure 1. Size and zeta potential of four kinds of polymeric NP,
prepared from the same biopolymer PHBHHx. Data presented as

mean + SD (n = 3).
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Morphology was another critical indicator for quality
evaluation of the NP system and was analyzed by using
SEM. As shown in Fig. 3, the four kinds of NP were all
spherical in shape, implying that zeta potential had no
shape effect. We also saw that particle size of each type
of NP was evenly-distributed, indicating their good size
distribution, which was consistent with results derived
from the dynamic light scattering measurement (Fig. 2).

Colloidal NP stability

Nanoparticles exist as a colloidal system and thus their
colloidal stability has substantial impact for their storage
and safety, and for application of NP-based formula-
tions. In this work we investigated both thermodynamic
and kinetic stabilities of the NPs, to monitor their
particle size change and particle sedimentation rate,
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respectively. As shown in Fig. 4a, relative sizes of NP-
1, NP-2 and NP-3 categories were comparable to their
corresponding sizes at 0 h, which were in the 99-100%
range and 97-100% range for NP-4 throughout the
experiment. These results indicate that size of each type
of NP had no significant change for at least 72 h. In
other words, all four kinds of NP had high thermody-
namic stability for at least 72 h at 37 °C.

Unlike high thermodynamic stabilities from all four
NP systems, NP kinetic stabilities varied depending on
their surface charges. NP suspensions are able to absorb
incident light in a particle concentration-dependent man-
ner; thus kinetic instability (that is, sedimentation) of
NPs results in reduction in absorbance or increase in
transmittance. As shown in Fig. 4b, transmittance from
all four NP systems increased over the 72 h time period,
but extents were different from each other. NP-2 with
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Figure 3. SEM images. (a) NP-1s, (b) NP-
2s, (c) NP-3s and (d) NP-4s. Scale bar: 3 pm.

higher negative surface charge (—28 mv) had the small-
est increases throughout the experiment. NP-1 with lower
negative surface charge (—21 mv) and NP-4 with higher
positive charge (45 mv) exhibited similar increases
which were higher than NP-2 at each time point. NP-3
with lower positive charge (20 mv) also had significant
increases over time. NP-3 relative transmittance was sim-
ilar to that of NP-2 at 24 h (~120%) and increased to
190% at 48 h, which was similar to NP-1 and NP-4 cate-
gories. It then grew to 300% at 72 h. These results indi-
cated that; (i) NP-2 had the highest kinetic stability,
while NP-1 and NP-4 had medium stability, and NP-3
had the lowest kinetic stability; (i) NPs with higher
‘like’ charges had higher kinetic stability; and finally (iii)
NPs with negative surface charge had higher kinetic
stability than those with equal positive charges.

Cytotoxicity of NPs

Nanotoxicity is one of the most critical issues that need
to be addressed for nano-product development. Although
it has been widely investigated, independent zeta poten-
tial effects on NP cytotoxicity have never previously
been reported. We have demonstrated above that our
four kinds of NP were prepared using the same
PHBHHXx biopolymer, possessing similar properties and
gradient zeta potentials from —30~+40 mv, which were

© 2015 John Wiley & Sons Ltd
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favourable for this study. MTT assay result, after expo-
sure L1929 cells to the NPs are shown in Fig. 5. It is
clear that: (i) each type of NP presented a certain extent
of cytotoxicity in a concentration-dependent manner, no
matter how long the cells were exposed to them. In
other words, higher particle concentration led to severe
cytotoxicity. (ii) Cell survival rate decreased when NP
exposure time was prolonged, for each type of NP, at
different concentrations. (iii) Most importantly, NP cyto-
toxicity was in a zeta potential-dependent manner at dif-
ferent time points and particle concentration. In detail,
negatively charged NPs (NP-1 and NP-2 categories) had
lower cytotoxicity than positive ones (NP-3 and NP-4
categories). Moreover, NP-1 with lower negative surface
charge than NP-2 led to higher levels of cells survival.
NP-3 with lower positive surface charge than NP-4 simi-
larly caused higher levels of cell survival, although NP-
3 exposure concentration might have been higher due to
their more rapid sedimentation rate (Fig. 4). NPs with
larger similar charges were therefore more toxic to the
cells, and the NPs, by category, exhibited the following
order of cytotoxicity: NP-1 < NP-2 < NP-3 < NP-4.

Interaction force between NPs and cells

To confirm differential interaction between NPs and
cells, we quantified their interaction force using the

Cell Proliferation, 48, 465474
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Figure 4. Colloidal stability of the four kinds of NP over a 72 h
period at 37 °C. (a) Thermodynamic stability of NPs, measuring parti-
cle size change; (b) Kinetic stability of NPs measuring transmittance
change of NP suspensions. Data presented as mean + SD (n = 3).

AFM. As shown in Fig. 7a, force between cells and
NP-1s was 2.7 nN, and slightly increased to 4.5 nN
for NP-2s with cells, indicating that negatively charged
NPs had a relatively weak interaction with the cells. In
contrast, interaction force between cells and NP-3s
became 8.8 nN (almost double that of NP-2s), and
intensively increased to 20.2 nN for NP-4s with cells
(Fig. 7a), indicating significantly stronger interaction
between positively charged NPs with cells. As the four
kinds of NP were fabricated using the same biopoly-
mer and had similar sizes, the varied zeta potentials
had to be the sole factor leading to their differential
interaction forces. It is therefore likely that stronger
interaction force resulted in higher cytotoxicity from
positively charged NPs.

The interaction process can be observed from
Fig. 7b; it occurred when NP-coated tips approached
cells and then the tip was released. Extra force was
needed to overcome interaction force, to completely
release the tip and the force curve returned to being

© 2015 John Wiley & Sons Ltd
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Figure 5. Cytotoxicity of the four kinds of NP with gradient zeta
potentials (NP-1s: —21 mv; NP-2s: —28 mv; NP-3s: 20 mv and
NP-4s: 44.9 mv) at five particle concentrations. (a) Incubation for
24 h, (b) 48 h and (c) 72 h. Data presented as mean £+ SD (n = 4).
Statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001

linear once the tip was thoroughly parted from the cells.
To the best of our knowledge, this is the first study
showing quantification of interaction force between NPs
and cells. The results from this study thus provide solid
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Figure 6. Fluorescence microscopy of 1.929
cells stained with Calcein-AM (green for
living cells) and propidium iodide (PI, red
for dead cells) for 24 h exposure to four
kinds of NP at particle concentration of
50 pg/ml. (a) NP-1s: —21 mv; (b) NP-2s:
—28 mv; (¢) NP-3s: 20 mv and (d) NP-4s:
44.9 mv. Scale bar: 50 pm.

evidence for stronger reactivity of positively charged
NPs, as probably the ultimate reason for their higher
cytotoxicity.

Discussion

In this study, the biopolymer PHBHHx was used as car-
rier material to fabricate NPs. PHBHHXx has been widely
used in tissue engineering largely due to its biocompati-
bility, biodegradability and adjustable mechanical proper-
ties (39-41); PHBHHXx potential in drug delivery has also
been recently developed (8,42,43). Addition of ionic surf-
actants during fabrication of PHBHHx NPs was necessary
due to strong PHBHHx hydrophobicity, to obtain well-
dispersed NP suspensions. Added ionic surfactants were
the exact sources of NP zeta potentials. In this work, the
sodium deoxycholate anionic surfactant conferred nega-
tive zeta potential to NP-1 and NP-2 categories, and octa-
decylamine cationic surfactant conferred the positive
charge to NP-3 and NP-4 categories. Amount of surfac-
tant present can affect not only zeta potential but also
particle size. There were therefore only few options when
fabricating NPs, to obtain similar sizes.

Agglomeration and sedimentation are the two most
common stability issues for NP systems (44). NPs have
very high surface energy as a result of their extremely
small particle size, and they tend to agglomerate to
reduce energy spread, resulting in thermodynamic insta-
bility. Agglomeration has significant impact on NP

© 2015 John Wiley & Sons Ltd
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safety, as agglomerated large particles carry high risk
for capillary blockade after intravenous administration
(45). Addition of non-ionic or ionic surfactant is the
main approach for stabilizing nanosuspensions (46).
Non-ionic surfactant such as F68 used in this work,
forms a layer of protective coating surrounding the NPs
and functions as a steric barrier to prevent particle
agglomeration. In the case of ionic surfactant, such as
sodium deoxycholate or octadecylamine used here, anio-
nic or cationic moieties confer zeta potentials on NP.
Electrostatic repulsive forces between particles play
important roles in preventing agglomeration.

In common with all other particles, NPs also tend to
sediment due to normal gravitational pull, resulting in
kinetic instability. Factors, including particle size, parti-
cle density and zeta potential, medium density, and
viscosity, can influence sedimentation. When other con-
ditions are kept constant, larger size and/or smaller zeta
potential can lead to faster sedimentation which might
have been the main reason for lowest kinetic stability of
NP-3s (Fig. 4b).

NPs are considered to be reactive due to their small
size, large relative surface area, and high surface energy.
Reactivity offers NPs great potential for interacting with
biological components such as cells. It is assumed that
NP interactions with cells have significant impact on
mitochondrial and cell membrane viability, oxidative
stress, and pro-inflammatory gene activation (22,47). In
this work, we used fluorescent dye PI to stain nuclei

Cell Proliferation, 48, 465-474
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whose membranes had broken. PI is a reddish fluores-
cent stain for nuclei, that can only enter cells with dis-
rupted membranes (thus having become permeable).
Calcein-AM was used to stain living cells. Active
enzymes in living cells release free calcein, which fluo-
resces green due to released calcein rather than Calcein-
AM. Very little red signal was observed in this part of
the study, indicating that NPs with negative zeta poten-
tial caused little damage to cell membranes, probably
due to their weak interactions with the cells (Fig. 6a,b).
In contrast, NPs with positive zeta potentials caused
severe cell membrane damage as stronger red fluores-
cence was observed (Fig. 6c,d). A likely explanation for
this finding is that positively charged NPs may have had
stronger interaction with the cells (Fig. 7), with nega-
tively charged membranes, due to presence of negative
phospholipids and/or proteins (21). In the physiological
environment, protein coronas surrounding NPs may
reduce their interactions with cell membranes, and NPs

can be engulfed into lysosomes (48-50). Interaction
between NPs and lysosomal membranes may then
damage the lysosomes and affect subsequent biological
processes. In the case of negatively charged NPs, their
interactions with biomembranes are relatively weak
despite formation of coronas, as the membranes are also
negatively charged. As a result, these NPs may only
cause low cytotoxicity. In the case of positively charged
NPs, coronas may be more stable and thus their interac-
tion with plasma membranes may be reduced. However,
coronas may become degraded in lysosomes and posi-
tive surfaces of NPs become exposed again, leading to
strong interaction with lysosomal membranes and signif-
icant resulting cytotoxicity (51,52).

In conclusion, here we fabricated four kinds of NP
with similar sizes and gradient zeta potentials, and also
for the first time investigated independent effects of zeta
potential on NP cytotoxicity. Additionally, interactions
between NPs and cells were studied using an AFM. To
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the best of our knowledge, this is the first investigation
showing quantification of interactions between cells and
NPs with gradient zeta potentials. Our findings showed
that NPs with positive zeta potentials caused signifi-
cantly higher cytotoxic effects than NPs with negative
zeta potentials, and NPs with large similar charges were
more toxic. The underlying mechanism was that NPs
with positive surface charges or higher ‘like’ charges
had stronger interactions with cells. This work proposes
a novel approach for investigating interactions between
NPs and cells and discloses the importance of control-
ling zeta potential in developing NP-based formulations
in the future.
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