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Abstract Nanoparticles are widely used to separate
and detect bacteria by immunoassay techniques.
However, there is a great need to develop a new
low cost, easy-handling, and fast bacteria quantifi-
cation method in order to give fast response to
patients, when there are limited time and instru-
ments. This article describes a new nanoparticle-
based quantification method by using only sucrose
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gradient centrifugation and an easy optical setup.
First of all, spherical-shaped nanoparticles with dif-
ferent chemical components have been synthesized.
Buoyancy tendencies of these nanoparticles and ef-
fects of different mediums were examined to obtain
moving particle band which is necessary for rate-
zonal centrifugation. Optimum gradient and process
parameters were determined; then, moving bands of
nanoparticle and bacteria-conjugated nanoparticle
were analyzed by a software. Migration distance of
bacteria-captured nanoparticle bands was found in-
versely proportional to bacterial concentration.
Bacteria-nanoparticle conjugates were characterized
by transmission electron microscopy images and
zeta potential measurements. The developed method
enables non-specific detection and quantification of
E. coli K-12 within the range of 10°-10® cfu/ml, by
using chitosan-coated CdTe quantum dots. Chitosan-
coated CdTe quantum dots were found advantageous
for the easy and fast tracking of bacteria-particle
conjugate bands in the developed gradient method
with respect to their high bacterial capture, sedimen-
tation rate, and light emission properties. According
to our findings, the proposed gradient method was
found to be an advantageous bacteria quantification
method with limited instrument requirement and
50 min of total detection time in solution.

Keywords Density gradient centrifugation - Moving
bands - Optical density - Nanoparticle - Bacteria -
Buoyancy
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Introduction

According to the extensiveness of bacterial contamina-
tion and infections, there is a worldwide growing atten-
tion to investigate cost-effective, simple, sensitive, and
rapid bacteria detection methods in different research
areas such as public health, food protection, and envi-
ronmental pollution (Ekici and Dumen 2019; Mezger
et al. 2015). The conventional microorganism counting
techniques, such as culture plating and biochemical
tests, require time-consuming and labor-intensive pro-
cess. The sensitive detection methods such as polymer-
ase chain reaction (PCR), matrix-assisted laser
desorption/ionization time of flight (MALDI-TOF)
mass spectrometry, and surface-enhanced Raman spec-
troscopy (SERS) need sophisticated and expensive in-
struments (Ou et al. 2019). Therefore, development of
new, fast, simple, and low-cost bacteria quantification
method is highly desirable.

Nanoparticles are important tools to capture and
identify bacteria with specific antibody-antigen interac-
tions. They also enable the detection of bacteria with
high sensitivity by enhancing the signal of the transduc-
er (Dogan et al. 2016; Guven et al. 2011). Especially
gold and gold-coated magnetic nanoparticles were used
to enhance the signal and decrease the limit of detection
of the spectroscopy techniques such as SERS and sur-
face plasmon resonance measurements (Baniukevic
et al. 2013; Guven et al. 2011; Seo et al. 2015). In
addition to this, fluorescent nanoparticles and quantum
dots are usually utilized for bacteria detections by mi-
croscopy and imaging techniques (Wegner and
Hildebrandt 2015).

Density gradient centrifugation is a conventional and
easy-handling separation technique for sorting particles
and molecules based on their size, shape, and density.
This technique has crucial importance for purifying
substances depending on buoyancy tendencies of bio-
molecules in novel biotechnology applications (Buckley
etal. 2007; Omi et al. 2017; Portoso et al. 2017; Qi et al.
2015; Suresh et al. 2015). Sucrose, which is a biocom-
patible and nonionic compound, is one of the first and
the best density gradient components for purification of
cell organelles. During the density gradient sorting of
cells or particles, various bands appear in the sucrose
gradient with the denser and larger particle bands mi-
grating further (Schachman 1959). Depending on the
physical principles, density gradient separation methods
can be distinguished into two major categories.
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First, for the “isopycnic” separation, the densities of
particles must be selected at a range between the lowest
and the highest densities of the column’s gradient (Hu
and Chen 2015; Jerri et al. 2010; Mace et al. 2012;
Prantner et al. 2012). Particles move to the position in
the centrifuge tube at which their density is equal to the
density of the gradient medium, and they remain there
(Lin et al. 2012; Schachman 1959, Sun et al. 2009;
Xiong et al. 2011). Thus, isopycnic technique separates
particles such as nucleic acids, proteins, and polysac-
charides into zones solely based on their buoyant den-
sity differences. In addition, the use of multizone gradi-
ent increases the density differences between two adja-
cent gradient layers and improves the separation limits
(Akbulut et al. 2012; Ecija-Arenas et al. 2016; Mace
etal. 2012). The relative centrifugal force (RCF) and the
run time should be enough to separate particles in ac-
cordance with their isopycnic points. Besides, excessive
centrifugation times have no further effect on the posi-
tion of the bands (Kowalczyk et al. 2011; Mace et al.
2012).

For the second type, which is “rate-zonal” separation,
the density of particles and cells must exceed the density
of the gradient medium (Hu and Chen 2015; Kowalczyk
et al. 2011). During centrifugation, particles undergo
Brownian motion under external forces which are cen-
trifugal force, buoyant force, and viscous drag force.
Particles migrate into separated bands (zones) through
the gradient depending on the effective mass and fric-
tional factor—or sedimentation rate—of NPs (Sharma
et al. 2009).

Buoyant density is a measure of floating tendency of
a particle in a solution and is measured by using isopyc-
nic centrifugation. It is known that bulk and buoyant
densities of nanoparticles (NPs) are not the intrinsic
properties. Bulk densities of granular-structured NPs
are measured by dividing the total weight of the NPs
into the total volume, which includes particle volume,
inter-particle void volume, and internal pore volume
(Tay et al. 2017). Similarly, in colloidal systems, surface
charge distribution that depends on pH and ionic
strength of the surrounding medium affects the stability
and surface morphology of NPs and leads to the change
in the hydrodynamic diameter and buoyant density (Gao
et al. 2012; Rodoplu et al. 2015).

In this paper, low-cost and simple gradient method
was examined with a new perspective to propose a new
nanoparticle-based bacteria quantification method. The
physical basis of this new method relies on buoyancy
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and optical density of bacteria-captured nanoparticles in
the sucrose gradient. In order to obtain fast tracking of
“bacteria-captured NP” band in the gradient, overall
conditions of sucrose gradient (concentration, volume,
solvent) and centrifugation process parameters (rpm,
time) were studied. For the preliminary studies, similar
sized and spherical-shaped NPs were synthesized. An
optical setup and the MATLAB software were used to
determine optical density of gradient bands belong to
NP and bacteria-captured NPs. Buoyancy and sedimen-
tation rates of gold nanoparticles (AuNPs), gold-coated
magnetite NPs (Fe;0,@Au NPs), and quantum dots
(Qdots) were compared in the sucrose gradient. Parti-
cles, which have higher sedimentation rates, were uti-
lized in rate-zonal centrifugation, and the process pa-
rameters were optimized. Chitosan-coated
mercaptopropionic acid capped CdTe (CdTe/MPA @ch)
Qdots which are stable fluorophores and have brighter
emission than florescent dyes (Dogan et al. 2016; Yang
et al. 2015) were found advantageous for the visual
tracking of bacteria-particle conjugate bands. Moreover,
CdTe/MPA @ch Qdots enable fast quantitative measure-
ment of bacteria-particle conjugate bands due to signif-
icant sedimentation velocity change with bacterial
concentration.

Materials and methods
Chemicals and reagents

Sucrose (C1,H,,011, MW 342.3 g/mol) and potassium
dihydrogen phosphate (KH,PO,) were purchased from
J.T. Baker Inc. (Phillipsburg, New Jersey). Tryptic Soy
Broth (CASO Bouillon), lactose monohydrate (99%,
MW: 360.32), sodium dihydrogen phosphate
(Na,HPO,), and sodium borohydride (NaBH,) were
purchased from Merck KGaA (Darmstadt, Germany).
Cadmium chloride (CdCl,), potassium chloride (KCI),
tetrachloroauric acid (HAuCly), perchloric acid
(HCIOy), trisodium citrate dihydrate, iron (II) sulphate
heptahydrate (FeSO,.7H,0), iron (IIT) chloride (FeCly),
hydroxylamine hydrochloride (NH,OH.HCI),
albumine, and ethylenediaminetetraacetic acid (EDTA)
were obtained from Sigma—Aldrich Inc. (Taufkirchen,
Germany). N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide hypochloride (EDC), 11-
mercaptoundecanoic acid (11-MUA), 2-
morpholinoethanesulfonic acid monohydrate (MES),

ethanolamine, 2-mercaptoethanol (2-ME), and sodium
chloride were purchased from Sigma—Aldrich Inc.
(Steinheim, Germany). N-hydroxysuccinimide (NHS)
was obtained from Pierce (Rockford, Illinois). Chitosan
was purchased from AcrosOrganics (Geel, Belgium).

All reagents used in the experiments were of analyt-
ical grade or better. All aqueous solutions were prepared
in ultra-pure (18 M{Q2cm) water.

Synthesis of nanoparticles

Gold NPs, gold-coated ferrite NPs, and cadmium tellu-
ride (CdTe) Qdots were used since they form stable
dispersions in solution (Dogan et al. 2016; Fissan et al.
2014; Gao et al. 2012; Tamer et al. 2010). Gold NPs
were synthesized according to the literature procedure
(Liu and Lu 2006). Briefly, 3 ml of 0.01 M HAuCl,
solution was added to 100 ml boiling DI water, and the
color of the solution turned to yellow. Then, 4 ml of
38.8 mM sodium citrate solution was added drop wise.
Boiling process was maintained until a wine-red color
was obtained for the solution. Then, the solution was left
at the room temperature to cool down.

The magnetic Fes04 NPs were prepared using co-
precipitation method developed by Tamer et al. (Tamer
et al. 2010). Briefly, 1.28 M FeCl; and 0.64 M
FeS04,7H,0 were dissolved in deionized (DI) water,
and 1 M NaOH was added drop wise and it was sub-
jected to vigorous stirring for more than a 40 min period.
The precipitated magnetite was collected on a magnet
and they were washed three times with DI water. The
resulting iron salt was washed with 2 M HCIO, and left
to dry for 3 h at room temperature under an argon
atmosphere. Then, the particles were washed 3 times
with DI water to remove the acidic medium. A total of
10 mg Fe;04 was dispersed in 5 ml of DI water by
ultrasonic water bath. In another baker, 1 g of EDTA was
added to 10 ml of 1 M NaOH solution. This solution
was mixed at 1:1 (v/v) ratio, and then centrifuged at
8000 rpm for 10 min and re-dispersed in water. After
that, 7 ml of 0.1 M CTAB, 3 ml of 0.01 M HAuCly, and
300 pl of 1 M NaOH were added to this solution. After
thorough mixing, 150 mg NH,OH.HCI was added.
Following this process, the solution was retained in the
ultrasonic water bath for 12 h.

Chitosan-capped mercaptopropionic acid-modified
(CdTe/MPA) Qdots were prepared according to the
literature procedure with a slight modification (Dogan
etal. 2016). While 25 ml 0of 0.064 mM CdCl, have been
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stirred continuously in a single-necked flask, 0.10 g
trisodium citrate, 100 pl of 11.5 M mercaptopropionic
acid (MPA), and 0.01 mmol Te (IV) were added to the
solution. Then, 50 mg NaBH,; was added on it. The
solution was stirred at 96 °C for 1 h. After cooling down
to room temperature, Qdots were precipitated by etha-
nol, centrifuged, and dried. A 75 mg portion of the Qdot
powder was re-dissolved in water (pH 11.4), then heated
at 96 °C for 2 h and diluted to 25 ml. Chitosan (100 ul of
1% (w/v)) dissolved in 1% (v/v) acetic acid was added
to a 4.9 ml portion of Qdot solution. The pH was
adjusted to 5 by adding 300 pul of 1 M pH 5 acetate
buffer. Then, chitosan-coated Qdots (CdTe/MPA @ch)
were vortexed for 1 min to homogenize and sonicated
for 10 min.

Surface modification of nanoparticles

Here, 50 mM [1-mercaptoundecanoic acid (11-MUA)
solution was prepared in absolute ethanol and mixed
with NPs for 18 h at room temperature on a shaker at
140 rpm. To remove unbound 11-MUA, particles were
washed twice in ethanol.

The carboxylate groups of NPs were activated
through EDC/NHS coupling reaction. A total of
3 mg/ml EDC and 2 mg/ml NHS were added on a
particle solution which was taken in 50 mM pH 6.5
MES buffer solution. After 25 min of incubation at
140 rpm shaker, particles were washed twice with
10 mM pH 7.4 PBS. During the stirring and washing
procedures, attention was paid not to exceed 40 min for
the total activation time.

Optimization of sucrose gradient centrifugation
parameters

Sucrose stock solution (800 mg/ml) was prepared by
dissolving sucrose in 10 mM pH 7.4 PBS solution. By
means of diluting the stock solution with PBS, appro-
priate sucrose solutions within the range of 10-80%
(w/v) were prepared. Discontinuous gradient of sucrose
was prepared by successive layering of sucrose solu-
tions upon one another as described earlier in the liter-
ature (Xiong et al. 2011). Sucrose gradients were pre-
pared inside 15 ml polypropylene centrifuge tubes (LP
Italiana S.p.A., Milano, Italy). Total gradient volume
was set to 5 ml; optimum gradient was composed by
1 ml each of 40%, 50%, 60%, 70%, and 80% (w/v)
sucrose solutions. Before use, gradients were placed in a
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refrigerator for 1 h to cool down to 4 °C. Then, sample
suspensions were carefully loaded on top layer of the
sucrose gradient using micropipette.

Centrifugation was performed by using the refriger-
ated centrifuge (VMR International Ltd., Leicestershire,
UK) at 4 °C, with a swing rotor. Relative centrifugation
force (RCF) was altered between 100 and 2000xg, and
centrifugation period was in the range of 1-120 min.
Different solvent mediums were studied to prevent the
unwanted sedimentation of NPs on the tube walls and to
maintain Gaussian form of moving narrow band during
centrifugation. Thus, 10 mM and 20 mM PBS pH 7.4,
and 0.8% (w/v) NaCl were used as solvent medium of
sucrose and particles. In addition, the gradient parame-
ters such as sucrose concentrations (10-80% (w/v)),
sucrose fraction volumes (1-2 ml), total gradient vol-
ume (4—10 ml), and sample parameters, such as particles
with different surface compositions and loading sample
volumes (50-250 ), were optimized.

Bacteria immobilization

E. coli K-12 culture which was prepared in Tryptic Soy
Broth (CASO Bouillon) medium was incubated at 37 °C
for 24 h. Then, E. coli K-12 was precipitated at 4500xg
for 10 min of centrifugation and washed twice with
sterilized 10 mM PBS pH 7.4. NPs were incubated with
10°-10® cfu/ml of E. coli K-12 for 40 min at room
temperature on a shaker at 140 rpm. After non-specific
bacteria interaction, 200 pl of each sample were placed
on the sucrose gradients without using any washing
steps.

Analysis of moving bands

As shown in Fig. 1, gradient tubes were placed in the
holes of support after centrifugation. The light source
was placed in alignment with the camera, and against
the tube supporter and white screen. A commercial 8-
megapixel camera was utilized to take digital photo-
graphs of the centrifuge tubes. The vertical distance
through the gradient was defined from the meniscus of
the gradient to the bottom of the centrifuge tube. The
optical density values were measured through the verti-
cal distance of each gradient tube. Besides, the migra-
tion distances of the moving bands inside the gradient
were defined as the distance from the meniscus of the
sucrose gradient to the peak of the particle band.
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Fig. 1 Schematic representation
of optical setup
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3. Holes for centrifuge tubes
4. Support and screen

Photographs of the gradients were taken after every
1-2 min of centrifugation period in order to analyze the
slight variations within moving bands and to determine
the band migration distances. The photographs belong
to Au and magnetite NPs were taken under white light,
while CdTe/MPA@ch bands were taken under UV-A
dark light (A =365 nm) using a transilluminator (UVP
Ltd., Upland, CA).

A picture element (pixel) is represented by three
component intensities as red, green, and blue (RGB)
(Menesatti et al. 2012). From the photographs, constant
interior zones of the tubes were selected as picture
element matrixes in order to eliminate the effects of side
wall-shape of tubes, and to obtain accurate and repeat-
able results. These zones were cropped from photo-
graphs for the analysis by MATLAB. To draw optical
density graphs of AuNP and Fe;0,@Au NP, white
color was tracked from the pixel matrix. Red color was
tracked from the selected matrix to analyze
CdTe/MPA@ch Qdot band movements. By using this
method, vertical distance-based optical density values
for each sample were recorded as optical density graphs.

Characterization of nanoparticles

Transmission electron microscopy (TEM) was used to
examine the size and morphology of NP and bacteria-
captured NPs. Here, 300 pl of samples was collected
from relevant bands of sucrose gradient. Then, they
were rinsed three times with 10 mM pH 7.4 PBS to
completely remove sucrose from the solution. TEM
samples were prepared by pipette-dripping of 10 pl of
the particle solution onto the TEM grid, allowing it to
stand for 10 min and evaporating the solvent in a vacu-
um. HRTEM instrument (JEOL Ltd., Tokyo, Japan) was
run at an accelerating voltage of 120 V.

Specimens %
é 3 - ...
8 —
S I
O
@) 4
O
ST llicm
midpoint

The zeta potentials of chemically activated NPs and
Qdots were measured by ZetaSizer Nanoseries
(Malvern Instruments, Worcestershire, UK) at 25 °C.
The refractive indexes of gold (0.99), chitosan (1.7), and
PBS (1.33) were used for setting the instrument. Sam-
ples were diluted to 0.01 mg/mL and 5 experimental
runs were performed. All the measurements were per-
formed in triplicates.

Results and discussion

In the present study, a nanoparticle and buoyancy-based
bacteria quantification method was presented by means
of exploiting the potential of sucrose gradient centrifu-
gation. It is known that size, morphology, and surface
compositions of particles have effects on the sedimen-
tation rate and stability of colloidal solutions as a result
of Van der Waals forces, electrostatic interactions, and
steric forces between binding molecules. The sedimen-
tation rates of NPs in solution and the effects of sucrose
gradient parameters (volume, concentration, solvent) on
the trends of moving bands were examined in detail by
using the developed gradient method.

The buoyancy tendency of “bacteria-captured NPs”
increased due to increased bacterial concentration.
Therefore, sedimentation rate and the measured migra-
tion distance of bacteria-NP bands decreased. Gold-
coated-magnetite nanoparticles and quantum dots were
chosen to achieve recognizable NP—bacteria band
movement in the gradient. Besides, CdTe/MPA @ch
Qdots were found advantageous to enumerate bacterial
concentration m the range of 10°-10® cfu/ml of E. coli
K-12 by using the gradient of 40%, 50%, 60%, 70%,
and 80% (w/v) sucrose dissolved in pH 7.4 PBS
medium.

@ Springer
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Characterization results of nanoparticles
Buoyancy tendencies of nanoparticles

The buoyancy tendencies of NPs were compared with
the optical density-distance graphs of the moving bands
after sucrose gradient centrifugation. As can be seen
from Fig. 2, AuNP has two moving bands depending
on the aggregation of NPs and sucrose concentration of
the gradient. Related peaks were identified from the
optical density graph (Fig. 2a). The cropped pixel matrix
from the photograph of the tube was shown in Fig. 2b.
Red and purple colored bands of AuNP were observed
at 35% (w/v) sucrose zone and 40-80% (w/v) interface
of the gradients, respectively. Even though single NPs
and the aggregated ones have the same dry density, due
to reduction of surface area/volume ratio and increase on
the sedimentation rate in solution, aggregated AuNP
purple bands (40-80% w/v sucrose) migrated more than
AuNP red bands (35% w/v sucrose). In addition to this,
in accordance with the literature, AuNP colors have also
turned from red to purple due to particle clustering in
ethanol and pH 6.5 MES medium (Liu and Lu 2005; Liu
and Lu 2006).

The comparisons of NP band migrations after 45 min
of centrifugation at 4149%g in the sucrose gradient were
given in Fig. 3. Consequently, both Fe;0,@ Au NPs and
CdTe/MPA@ch Qdots were chosen as possible candi-
dates for rate-zonal centrifugation. That is because they
moved faster through the 80% w/v sucrose viscosity
barrier in 45 min, and they completely precipitated after
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Fig. 2 Optical measurement, a optical density graph, and b se-
lected pixel matrix of AuNP in the gradient of 30%, 35%, 40%,
and 80% (w/v) sucrose, after 45 min of centrifugation at 4149xg
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120 min of centrifugation. However, Au and Fe;O4 NPs
remained at the same sucrose zone regardless of centri-
fugation period. Therefore, buoyant density of AuNP in
water medium was predicted to be between 1.12—1.15 g/
ml as the density of 30-35% w/v sucrose. Besides,
magnetite NPs remained at the 30% w/v sucrose (Fig.
3); thus, buoyant density was predicted as 1.12 g/ml.
The buoyant densities were found incomparable with
the intrinsic density of elements and bulk density of dry
NPs. Densities of gold, iron, and cadmium telluride are
known as 19.32 g/ml, 7.87 g/ml, and 5.85 g/ml, respec-
tively (Sik and Grmela 2013; Wolfram Research n.d.)
(day > dpe > dcgre)- Besides, bulk densities of Au, Fe;Oy
NPs, and CdTe Qdots are generally known as 1.25 g/ml,
0.84 g/ml, and 6.02 g/ml, respectively (Pathak et al.
2015; US Research Nanomaterials, n.d.-a, b). As a
result, it was found that regardless of chemical compo-
sition and bulk densities, NPs have showed different
band migrations distances with respect to their buoyant
densities in different solution.

In order to observe the effects of solvent in detail,
AuNPs were taken in water, pH 6.5 50 mM MES, and
ethanol, respectively. The migration distances of AuNPs
in these solvents were compared in Fig. 3b. As it can
seen, when NPs were taken in pure ethanol and 50 mM
pH 6.5 MES buftfer, with respect to the increased aggre-
gation, buoyant densities of AuNPs increased above
1.4 g/ml, which is equal to the density of 80% w/v
sucrose zone.

Morphological characterization of nanoparticles

The physical morphologies of the NPs were character-
ized using TEM images (Fig. 4). The spherical-shaped
AuNPs’ average radii were measured as 13 +4 nm (Fig.
4a). TEM images taken before and after sucrose gradient
centrifugation of AuNP were given in Fig. 4a and Fig.
4b, respectively. After sucrose gradient centrifugation
and washing steps, citrate groups left the medium, and
particles showed an aggregation tendency (Fig. 4b).
The average radius of spherical-shaped Fe;0,@Au
NPs was measured as 20 =6 nm (Fig. 4c). The average
size of the spherical-shaped CdTe/MPA @ch Qdots was
measured as 6 = 1 nm (Fig. 4d). The morphologies and
aggregation tendencies of Fe;0,@Au NPs and
CdTe/MPA @ch Qdots remained unchanged after wash-
ing steps. In accordance with this, buoyant densities of
these NPs remained unchanged. Thus, these particles



J Nanopart Res (2020) 22: 98

Page 7 of 14 98

Band Migration Distance (cm)
n

.J.II

Fe3O4 Fes0s@Au CdTe/MPA@ch

0 r I I

Water Ethanol

Fig. 3 Band migration distances of different a NPs and b solvents
obtained from the gradient that consist of 30%, 35%, 40%, and
80% (w/v) sucrose, after 45 min of centrifugation at 4149xg
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were found appropriate particles for rate-zonal gradient
centrifugation.

As can be seen from Fig. 5, morphological structures
of E. coli-nanoparticle conjugates remained unchanged
despite applied centrifugal force and the frictional forces
applied by the highly viscous sucrose medium. Bacteria
sizes were measured between 2.1 and 2.9 um (Fig. 5).
Because of relatively low centrifugal force and short
centrifugation periods were applied, bacteria membrane
has not damaged by the internal forces such as tension,
shear, and bending forces that affect at the highly vis-
cous 50% (w/v) sucrose medium (Fig. 5a—d) (Amir et al.
2014).

Zeta potential of nanoparticles

The zeta potentials of Fe;0,@Au NPs and
CdTe/MPA@ch Qdots were measured in pH 7.4 PBS
medium (Fig. 6). It is known that particles which have
zeta potentials below + 25 mVand above —25 mV show
greater sedimentation tendency with respect to interpar-
ticle interactions such as Van der Waals, hydrogen

bonding, and hydrophobic interactions (Kumar and
Dixit 2017). Therefore, particles with appropriate sur-
face properties enable moving NP bands without
forming pellets in the sucrose gradient medium. From
Fig. 6, it was seen that zeta potential of Fe;0,@ Au NPs
(=9 mV) is higher than that of CdTe/MPA@ch (+
3 mV) (Fig. 6). Since the zeta potential is between —
5 mVand + 5 mV, CdTe/MPA @ch Qdots which are in
flocculation state showed greater sedimentation rate
than Fe;0,@ Au NPs, which are in the early instability
state, in the gradient medium.

Besides, it is known that all bacteria with negatively
charged cell wall adhere on positively charged surfaces
(Li et al. 2019). The non-specific bacterial capture of
positively charged CdTe/MPA@ch Qdots is stronger
than negatively charged Fe;0,@Au NPs, with respect
to the ionic bonds formed due to higher electrostatic
attraction sites. Therefore, moving bands of bacterial-
captured Qdots were predicted to show noticeable var-
iations according to bacterial concentration.

Optimization of gradient parameters

It is necessary to prevent particle sedimentation on the
sidewalls of the tube and to obtain moving narrow bands
during centrifugation. According to our preliminary re-
sults, 200 pl of sample volume and 5 ml of sucrose
gradient were found appropriate to obtain moving nar-
row bands without deformation, such as band extension
or dispersion.

In order to observe the effect of gradient medium
in detail, 10 mM pH 7.4 PBS, 20 mM pH 7.4 PBS,
and 0.8% (w/v) NaCl solutions were utilized to
dissolve sucrose, and band migrations in these gra-
dients were compared in Fig. 7. After centrifugation
period, narrow bands were disappeared in 20 mM
pH 7.4 PBS and 0.8% (w/v) NaCl sucrose solvent
mediums, and NPs aggregated and dispersed
through the tube side walls. On the other hand,
Gaussian forms of NP bands remained unchanged
in sucrose gradient that prepared by dissolving in
10 mM PBS medium. Band migration distance
showed slight variation during centrifugation period.
By virtue of the higher salt concentration, particles
moved in the sucrose gradient prepared by 20 mM
PBS solution aggregated, and sedimentation was
observed on the sidewalls. Even though 0.8%
(w/v) NaCl solution has the same NaCl amount with
10 mM PBS solution, due to moving away from
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Fig. 4 TEM images of NP bands. a AuNP-red band. b AuNP-purple band. ¢ Fe;0,@Au. d CdTe/MPA @ch

isoelectric point of NPs, colloidal stability of the
solution decreased. Owing to the increase on the
buoyant density and sedimentation rate, NP band
prepared in 0.8% (w/v) NaCl migrated more than
the NP bands prepared with other solvents. There-
fore, 10 mM pH 7.4 PBS was selected as an appro-
priate solvent to maintain hydrodynamic stability for
further bacteria capture studies.

@ Springer

In addition, it was seen that the appropriate gra-
dient parameters to obtain moving bands were
changed for each NP that was utilized. For the
further bacteria-NP conjugate band migrations with
Fe;0,@Au and CdTe/MPA @ch NPs, more viscous
medium that consists of 1 ml each of 40%, 50%,
60%, 70%, and 80% (w/v) sucrose was predicted as
an appropriate gradient.
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Fig. 5 TEM images from the gradient band of a E. coli K-12-captured Fe;04@ Au, b—d E. coli K-12-captured CdTe/MPA @ch with a—c¢ x
50,000 and d x 150,000 magnification

Results of bacteria-nanoparticle band migrations

Depending on the differences in size and density of
bacteria, particle, and bacteria-captured nanoparticle,
inequality of buoyant density of the bands was predicted
t0 be dparticle > dvacteria-particle > @oacteria- 1t Was seen that
unconjugated Fe;04@Au particles exceeded 80% w/v

sucrose zone and precipitated at the bottom of the tube;
however, bacteria-captured NP band remained at the
60-80% w/v sucrose interface of the gradient when
applied centrifugation duration exceeded 1 h. Besides,
unconjugated bacteria band remained on the 40-60% w/
v sucrose interface depending on its lower buoyant
density. For this reason, it was confirmed that bacteria-

@ Springer
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Fig. 6 Zeta potentials of Fe;0,@Au NPs and CdTe/MPA @ch
Qdots

9, Fe;Os@Au
CdTe/MPA@ch

NP bands have lower sedimentation rates than the un-
conjugated NPs.

In order to achieve quantification of bacteria-NP
conjugate bands, optimum process (RCF, time) param-
eters were examined in the appropriate gradient that
consists of 1 ml each of 40%, 50%, 60%, 70%, and
80% (w/v) sucrose. In accordance with our predictions,
it was clearly seen from Fig. 8a that unconjugated NP
band moved further than E. coli K-12-captured band as
aresult of its” higher sedimentation rate. After 10 min of
centrifugation, the differentiation of migration distance

u Fe304@Au
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Fig. 7 Band migration graphs for the comparison of buffer solu-
tions in the sucrose gradient that consists of 10%, 15%, 20%, 30%,
40%, and 80% (w/v) sucrose

@ Springer

L Nanoparticle
Bacteria Captured Nanoparticle a
=
8 34
=
7}
c
Q
o
3 E.coli - NP
=24
Q.
o Centrifugation
Period
a-10 min
b — 45 min
1 v T v T S, T i T
0 1 2 3 4

Distance (cm)

Fig. 8 Time-dependent optical measurement of Fe;0,@Au NP
and 10® cfu/ml of E. coli-captured NP bands, after a 10 min and b
45 min of centrifugation at 1000xg

of bacteria-conjugated NP band and unconjugated NP
band was found to be available for the analysis. It is
known that sedimentation velocity decreases signifi-
cantly when viscosity of the solvent increases
(Sheehan 2013). When centrifugation period increased
to 45 min, peak maximum of the curves converged as a
result of lower sedimentation velocities of bands to-
wards the denser sucrose gradient zone (Fig. 8b). Ac-
cording to our results, appropriate centrifugation time
should be 10 min for Fe;0,@ Au in the chosen gradient
concentrations.

In addition, when bacteria concentration decreased
from 108 to 105 cfu/ml of E. coli K-12, peak maximums
of band migrations meet as shown in Fig. 9a. It was seen
that quantification of bacterial concentration is not suit-
able by using these gradient parameters. When the cen-
trifugation period increased to 45 min, unconjugated
NPs precipitated on the sidewalls and the bottom of
the tube (Fig. 9). Consequently, Gaussian distribution
disappeared and secondary peaks from E. coli-captured
NP curve were observed. Although main peak of
10° cfu/ml of E. coli-captured NP band remained in
the same sucrose density zone, unconjugated NPs pre-
cipitated at the bottom of the tube and separated from
the conjugated NP band (Fig. 9b).

Chitosan-capped quantum dots were found to be the
most advantageous tool among the nanoparticles that we
utilized to identify conjugated NP bands. The reasons
are that Qdots have light emitting property that enables
significant band tracking under dark light, and have an
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Fig. 9 Time- and bacterial concentration-dependent optical mea-
surement of 10°~10% cfu/ml of E. coli K-12-captured Fe;0,@Au
NP bands, after a 10 min and b 45 min of centrifugation period

attractive polymeric surface that allows strict adherence
to bacteria. The sizes of chitosan-capped Qdots are
smaller than other nanoparticles used; however, Qdots
have shown apparent band shift due to the huge aggre-
gation mechanism of attractive polymeric surface. To
prevent the breaking of non-specific adherence between
bacteria and Qdot, centrifugation was conducted at low
RCF in minimum process time. When the duration of
centrifugation increased, bacteria-captured
CdTe/MPA @ch band did not separate into two or more
bands. However, particles dispersed more in the gradi-
ent, and band structure disappeared. Therefore, opti-
mum process parameters were determined by observing
the change between the sequential tubes of bacteria-
captured NPs. While utilizing Fe;0,@Au NPs and

>
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Increase in the bacteria amount

<€

Fig. 10 An illustration of 10°~10® cfu/ml of E. coli K-12-captured
Qdot band migrations in the gradient of 40%, 50%, 60%, 70%, and
80% (w/v) sucrose, after 3 min of centrifugation at 500xg
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Fig. 11 Bacterial concentration-dependent band migrations of
E. coli K-12-captured Qdots, after 3 min of centrifugation at
500xg

CdTe/MPA@ch NPs to evaluate bacteria conjugate
movement, optimum process parameters of 1000xg/
10 min and 500xg/3 min were determined, respectively.

An illustration of bacteria-captured Qdot bands under
dark light was given in Fig. 10. Bacteria-captured Qdots
showed greater floating tendency and lower sedimenta-
tion velocity with respect to the increase in bacterial
concentration. It was seen that high concentration of
bacteria-captured Qdot band moved slower than the
low bacteria-conjugated Qdot band. This situation en-
abled the quantification of bacteria bands at an optimum
given centrifugation time.

The bacterial concentration-dependent optical
density-distance graph of E. coli-captured Qdot bands
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Fig. 12 Calibration curve of E. coli K-12-captured Qdots
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was given in Fig. 11. It was seen that bacteria-captured
Qdot band remained Gaussian curve (R*>0.83) during
rate-zonal centrifugation process. It was clearly seen that
distance of band migration decreased when bacterial
concentration increases. The quantification of bacteria-
Qdot bands achieved only after 3 min of centrifugation
at 500xg.

Calibration curve of bacteria-captured Qdot was ob-
tained within the range of 10°~10® cfu/ml of E. coli K-
12 (Fig. 12). The limit of quantification value, which is a
reliable measurement limit of a sensor, was calculated as
3.4x10° cfu/ml of E. coli K-12.

Conclusion

In this study, a new analytical method was devel-
oped with the use of nanoparticles, sucrose gradient
centrifugation, and an easy optical setup. It is a
novel idea to detect and enumerate bacteria by
means of buoyancy tendency and sedimentation ve-
locity sorting of “bacteria-captured NPs” in sucrose
gradient. Whole parameters of gradient system were
examined to obtain narrow moving bands. Accord-
ing to our findings, it was seen that optimum gradi-
ent centrifugation parameters should be adjusted to
achieve sensitive enumeration of bacteria when
using different nanoparticles. Physical comparison
of synthesized NPs demonstrated that denser
CdTe/MPA@ch and Fe;0,@Au were preferred for
rate-zonal centrifugation of NP-bacteria conjugates
in the gradient of 40%, 50%, 60%, 70%, and 80%
(w/v) sucrose dissolved in PBS. It was seen that
chitosan-capped Qdots show apparent band shifts
depending on the bacterial concentration. The reason
is that they have attractive polymeric surface that
allows strict adherence to bacteria. Besides, the light
emitting property of Qdots enables significant band
tracking under dark light.

In conclusion, an easy-handling and rapid bacteria
quantification methodology was developed without
using specific antibody-antigen interactions and time-
consuming washing steps of immunoassay methods.
This new buoyancy and optical density-based gradient
method is a promising method for detecting bacteria in
less than 50 min of total detection time. Moreover, by
making modifications on NP surfaces with affinity re-
agents, this NP-based quantification method has poten-
tial for future specific bacteria detection.

@ Springer
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