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This work is dealing with the use of polystyrene (PS) nanoparticles as substrates for bioanalytical specific in-
teractions. Different techniques were used for the accurate characterization of the PS nanoparticles of 100 nm
and 196 nm before coating them with a layer of antibodies against immunoglobulins of type E (algE), giving
to the particle a specific functionality. The formation of the algE adsorbed layer was monitored using cen-

trifugal particle separation (CPS) and centrifugal field flow fractionation (CF3) experiments, which allowed
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to determine the size changes and the adsorbed mass. Particle sizes were also measured with DLS, used both
as stand-alone instrument and coupled to CF3 (CF3-DLS). The complementary information obtained from
the CPS and CF3-DLS measurements allowed the estimation of the density of the algE shell. The proteins

tion immobilized at the surface fully retained their activity, as proven by the reactions between the functionalized
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Immunoglobulin E (IgE)
Anti-Immunoglobulin E (algE)
Mass up-take

Dynamic light scattering

PS-algE particles and immunoglobulins of type E (IgE) dispersed in suspensions prepared on purpose.
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1. Introduction

Protein adsorption on any foreign surface exposed to a protein
solution is a spontaneous, highly favorable and often irreversible
process, subject of long-standing debate, principally because of the
wide range of adsorption mechanisms adopted by diverse protein
structures and for the wide variety of possible surfaces either in terms
of shape and chemical composition. The adsorption process is a mix
of physical (electrostatic, hydrophobic, dispersion, etc.) and chemical
interactions (hydrogen bonds, n—r stacking), that might lead to the for-
mation also of real covalent bonds between the protein molecules and
the surface [1].

The development and use of miniaturized medical devices, the cre-
ation of new biosensors, drug delivery nanosystems and the recent im-
pelling interest about the presence of nano and micromaterial in the
environment [2], make the study of these bio-non/bio interfaces one of
the key topics in the development of nanotechnology applications.

In this work, we focus on the adsorption of immunoglobulin pro-
teins onto synthetic polymer nanoparticles because of their potential
for biomedical applications [3]. Polymeric nanoparticles offer a ver-
satile platform for developing imaging and drug delivery applications
due to the possibilities of being modified with functional moieties
ranging from small chemical groups to large macromolecules. Im-
munoglobulins (Igs), also known as antibodies (Abs), have an extra-
ordinary specificity and binding affinity toward antigens (Ags), thus
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rendering this special protein class of crucial interest for designing im-
munoassays, producing biosensors, chromatographic immuno-affinity
columns and for biomaterials development [4]. Of the five major an-
tibody classes identified in placental mammals (IgG, IgM, IgA, IgD
and IgE) [5], IgG is the most abundant antibody in human serum
¢ IOmgmLfl, accounting for 70-85% of the total immunoglobulin
pool), while IgE is very scarce (“75ngmL ") [6]. IgE are only found in
mammals and mediate allergic response that can lead to powerful im-
mune reactions, especially in the case of allergy classified as of “type
17 (hypersensitivity) [7,8].

To study antibody adsorption on polymeric nanoparticles is intrin-
sically difficult, as only a limited number of techniques are avail-
able to characterize nanoparticle-protein complexes directly in solu-
tion. The IgG adsorption mechanism on polystyrene (PS) micropar-
ticles [9] and onto negatively charged PS nanoparticles was investi-
gated by using the electrophoretic mobility and concentration deple-
tion methods, proving that IgG adsorption is irreversible [10—-12] and
that the electrophoretic mobility of PS particles increases with the in-
creasing amount of IgG adsorbed onto the surface until it reaches a
plateau values [13]. The amount of Igs adsorbed onto latex particles
was determined in the past with the centrifugal field flow fractiona-
tion (CF3) technique [14-17] and more recently, with a suspended mi-
crochannel resonator (SMR) [18]. The mass variation of a particle due
to the protein adsorption can be monitored also with the centrifugal
particle sedimentation (CPS, reported in the literature as differential
centrifugal sedimentation DCS or disk centrifuge, Photosedimentom-
etry DCP, descending from the Joyce-Loebl disc centrifuge) [19-21],
however CPS was used to determine the amount of Igs adsorbed only
on gold NPs, i.e. on very dense particles. Dynamic light scattering
(DLS) and nanoparticle tracking analysis (NTA) [19,20] are good al-
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ternative candidate to estimate the amount of Igs by measuring the
variation of particle diameter. Very recently, the increase in hydrody-
namic radius of inorganic NPs was determined by fluorescence cor-
relation spectroscopy (FCS), a technique suitable for in situ mea-
surements [22]. The average number of proteins adsorbed on gold
nanoparticles was recently determined also by combining two separa-
tion techniques, CPS and asymmetrical field flow fractionation (AF4)
online coupled to a DLS detector [23].

The aim of this study differs from the previous ones since it seeks
to compare the capabilities of the two separation techniques (both
based on the centrifugal sedimentation, CPS and CF3) to measure the
amount of algE adsorbed and to identify the formation of aggregates
during the experiments. In fact, the algE adsorption onto the particle
surface determines not only a mass (and size) increase but it could also
promote the particle aggregation, as well known in the colorimetric
biosensors field where the protein-induced aggregation of metal NPs
is the requirement for the detection [24]. In addition, since it is highly
possible to exceed the monolayer filling, leading to multilayer immo-
bilization [25], these techniques can be used to verify if the algE-IgE
reactivity is retained.

Two commercial samples of polystyrene beads of approximately
100nm and 200nm are used as a support and the algE and IgE are
chosen for their role in the allergic reactions.

Firstly, the sizes of the initial substrates and their size variations
due to the protein adsorption will be evaluated by DLS, CPS and CF3.
Both CF3 (known in the past literature as sedimentation field flow
fractionation, SAFFF) [26] and CPS sort the sample components de-
pending on their buoyant mass [27,28], so that the parameters exper-
imentally measurable, the retention time and the sedimentation time,
depend on both size and density. The strength of CPS is the resolution
while for CF3 is the possibility of being coupled online with a series
of specific detectors, including DLS to monitor the separation. Online
DLS measures the hydrodynamic diameter of the particles during their
separation so that size and density can be deconvolved from the buoy-
ant mass. Scanning electron microscopy (SEM) observations will be
made to visually check the particles.

Secondly, the mass of algE adsorbed onto PS particles will be eval-
uated from the CF3 separations [15] while CPS measurements will
provide a particle mass under the assumption that the particles be ho-
mogeneous. By merging the information acquired from the two tech-
niques, the number of algE adsorbed on the PS particles will be eval-
uate from the mass data.

Finally, the anti-IgE-functionalized PS particles will be used to
capture IgE molecules. The reaction will be followed by measuring the
mass increase with CF3 and CPS. The particle aggregation induced by
the algE and the IgE adsorption should be well identifiable from the
elugrams of both techniques.

2. Theory

CF3 and CPS are both separation techniques based on the applica-
tion of a centrifugal field [26,28], which sorts the sample components
depending on their buoyant mass. The retention time and the sedimen-
tation time, respectively, are so related to a physical parameter, which
links size and density. Changing the density of the fluids in which the
particles are separated, through a series of experiments, both CF3 and
CPS allow the determination of the particle density provided the par-
ticles be homogeneous [29-31].

The creation of core-shell particles, as occurs when the PS parti-
cles come in contact with algE and IgE molecules, complicates the
evaluation of the average particle size or the particle size distribution,

since the adsorbed molecules have usually a different density respect
to the core.

The principles of the differential FFF [14-17,32-34] and some de-
tails regarding the CPS procedure [35,36] are reported in the Supple-
mentary material (§ S.1), here in the following, only the relevant equa-
tions are recalled.

To measure the adsorbed mass m,. ¢-; onto a spherical particle, the
FFF differential procedure requires the measuring of the retention time
of both uncoated (PS) and coated particles (PS-algE or PS-algE-IgE)
through two independent CF3 analyses, performed under the same
experimental conditions:

kT
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where £ is the Boltzmann’s constant, 7' the absolute temperature dur-
ing elution, w is the channel thickness, G the external field, pfthe fluid
density, p, is the density of the coating material, 4,, and 4,,,, are the
retention parameters referred to the bare (p) and the coated particle

(pto).
The adimensional parameter A [26], under high retention condi-
tions, i.e. 1<0.01, is directly proportional to the retention ratio R
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Consequently, the amount reported in square bracket (Eq. (1)) is
directly proportional to the shift in the retention times of the peak
[15-17,32-34].

The CPS theory states that the time required by a spherical particle
to sediment in the density gradient is [27,28]

18nin (%)
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where d,, is the Stokes diameter of the particle settled and detected af-
ter time ¢, 7 is the dynamic viscosity of the fluid, D and S are respec-
tively the ending (detection) and starting (start, inner liquid ring sur-
face) radii of rotation, p, and p are respectively the particle and liquid
(fluid) density and w is the angular frequency (radiant sfl) of the disc.

When PS particles are coated with a layer of algE (or algE-IgE) the
sedimentation time increases depending on the adsorbed mass. If the
thickness of the layer is labeled d,, the coated particle will have a total
size d, = dpg+ 2d, and a density equal to the sum of the core (PS) and
shell masses divided by the particle volume

Mp _ PrsVpst pcVe
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The amount experimentally measurable will be

(Pps = pc) dpg

—p) &= (po—p,) (dps +2d.)" +
(0p=0)d, = (=) (dps +24) + =0 =2
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from which d,, d, and p, can be determined only through complex
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procedures [37-39] unless to have supplementary information about
the protein thickness.

3. Materials and methods
3.1. Chemicals and reagents

Monodispersed polystyrene (PS) latex standards with nominal di-
ameters of 100nm and 196nm, hereafter respectively indicated as
PS100 and PS196, were purchased from G.Kisker GbR (PPS-0.1 and
PPS-0.2, plain, 25mg mL !, G.Kisker GbR Produkte f.d.Biotechnolo-
gie, Steinfurt, Germany); the amorphous density of the particles was
assumed to be 1.050 gcmf3 [40].

algE (Goat anti human immunoglobulin E IgE Fc specific
#G5G41-048 lot 17033751 from Merdian Life Science, Inc. —
Tebu-Bio Italy, Magenta (MI), Italy) and IgE (human IgE from
Fitzgerald Industries International Inc., Concord MA, USA), were
used to functionalize the PS particles. The assumed algE and IgE mol-
ecular weights were 150kDa and 190kDa [41], respectively, while the
hydrodynamic diameters (top-to-bottom distance) were 14nm (algE)
[42,43] and 18nm for the IgE [41]. The density was assumed to be
1.353 g cm ° for both algE and IgE [43].

Table 1

Reagent volumes used for the preparation of the PS-algE binary systems and final con-
centrations. The number of PS particles and algE molecules and their ratio were theo-
retically computed from the concentration data. The suspensions were prepared in order
to have the same (number of algE/total surface) ratio* between the 100nm and 196 nm
preparations. See §4.2.

100nm PS 196nm PS
algE coating preparation 1st 2nd 3rd Ist 2nd 3rd
Vol PB (pH=8, 10mM) 450 420 390 465 450 435
(uL)
Vol aIgE—Z.OmgmL7l 30 60 90 15 30 45
(nL)
VolPS-25%g mL ' - 20 20 20 20 20 20
(uL)
Conc PS (% wv'") 0.1 0.1 0.1 0.1 0.1 0.1
number of PS 11.4 11.4 11.4 1.42 1.42 1.42
particles x 10"
Conc algE (mg mLfl) 0.12 0.24 0.36 0.06 0.12 0.18
number of algE (x10'7) 482  9.63 1445 241 482 7.23
number of algE 4.24 8.48 12.7 16.95 33.90 50.86

available for 1 PS
particle (x1 0(’)
Total PS surface (cm?) 143 143 143 71.4 71.4 71.4
*number of algE/total 3.37 6.74 10.1 3.37 6.74 10.1
surface (x 1015)

Table 2

The CF3 analyses were performed in phosphate buffer (PB), pre-
pared by mixing 6.8 mL of NaH,PO, 1M and 93.2mL of Na,HPO,
1M (Sigma Aldrich, Milan, Italy) to get pH 8.00. The measured den-
sity of the solvent, after the dilution to 10.0mM with MilliQ water, at
24°C was 0.9973 g cm °.

Ultrapure deionized water (MilliQ system from Millipore) was
used to make all the solutions.

3.2. Adsorption of aIgE on PS particles

The procedure refers to the “lst preparation” of the PS100-algE
sample (Table 1); all the other different PS-algE suspensions were
prepared following the same protocol by changing only the volumes.

In a Protein LoBind Eppendorf-type tube 450 uL of the PB (pH
8.00, 10mM) were mixed with 30uL of the algE solution
(2.0mgmL™"); the tube was vortexed at 500 rpm for one minute. 20 pL
of polystyrene latex suspension (2.5% w/v) were added to the so-
lution and the tube was vortexed for three minutes. The suspension
was incubated for four hours on a constant end-over-end shaking at
room temperature. After the adsorption process, to remove the ex-
cess of unbound protein, the coated latex particles were centrifuged at
13,200 rpm for 60 min (25 min for the PS196) (Eppendorf Microfuge
5415R, Brinkmann Instruments, Inc., Westbury, NY, USA) and
380 uL of the supernatant solution were replaced with an equal amount
of a pure buffer solution. This cleaning procedure was repeated five
times. The final concentration of the complex suspension, referred to
the PS particles, was 0.1% w/v (Table 1 for all concentrations). The
suspension was usually vortexed at 500 rpm for about 3—4 min before
its analysis.

3.3. Antibody-antigen complex (PS-algE-IgE)

The procedure describes the preparation of the 1st ternary system
PS100-algE-IgE (Table 2). All the other suspensions were prepared
following the same protocol but using different volumes.

In a Protein LoBind Eppendorf-type tube 21.5uL of the PB (pH
8.00, 10 mM) were mixed with 25 uL of the PS-algE suspension (0.1%
w/v in terms of PS); the tube was vortexed at 500 rpm for 1 min and
ultrasonicated for 1 min. Immediately after, 3.5 uL of a solution of hu-
man IgE (IgE =0.925mg mL ') were added and the mixture, which
was vortexed for 1 min and ultrasonicated in a bath for 30s.

The suspension was incubated for one hour on a constant
end-over-end shaking at room temperature. The achieved suspension
was suitable for the analyses prior mechanical mixing with the vortex
for about 3—4 min at 500 rpm.

Reagent volumes for the preparation of the PS-algE-IgE ternary systems and final PS and IgE concentrations. The number of algE and IgE molecules and their ratio were computed

from the theoretical concentration data.

PS100-algE (100nm PS)

PS196-algE 196 nm PS

IgE coating preparation 1st Ist 2nd* 2nd satur Ist Ist 2nd* 2nd satur
Vol PB (pH=8, 10mM) (uL) 21.5 24.0 34.6 12.0 7.0 27.0 15.0 31.0

Vol PS —algE (uL) 25.0 20.0 12.0 17.0 40.0 20.0 15.0 10.0

Vol IgE =925 pg mL ™" (uL) 35 6.0 34 21.0 3.0 3.0 2.0 9.0

Conc PS (%wv ") 0.050 0.040 0.024 0.024 0.080 0.040 0.047 0.020
Conc algE (ugmL ™) 64.8 48.0 57.6 57.6 48.0 24.0 56.2 24.0
Conc IgE (ugmL ™) 64.7 111.0 62.9 388.5 55.5 55.5 57.8 166.5
IgE- algE ratio 1 2 1 7 1 2 1 7

* Not analysed.
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3.4. Centrifugal field-flow fractionation (CF3)

A Postnova CF3 centrifugal Field Flow Fractionation system
(model CF2000 Centri, Postnova Analytics GmbH, Landsberg am
Lech, Germany) equipped with an UV-vis absorbance detector and
online connected to a Malvern Zetasizer Nano-ZS instrument
(Malvern Panalytical Ltd, Malvern, UK) detector was used to real-
ize FFF-UV-vis-DLS measurements. The CF3 channel was 0.0229 cm
thick, 57.6cm long and 2.0cm wide. The radius of the channel rotor
was 10.015cm. The channel void volume, declared in the instrument
certificate, was 2.5087mL. The carrier flow rate (PB phosphate buffer
at pH 8.00, assumed viscosity 0.01 cp) was set to 1.0mL min ' and
the UV—vis detection was recorded at 254 nm. The control of the CF3
system and the data collection/processing was performed by a per-
sonal computer equipped with the Postnova Analysis Software v2.05.
All samples, vortexed for about 3—4 min before the analysis, were in-
jected through a Rheodyne injector equipped with a 21.6 uLL sample
loop. The samples were let to equilibrate by stopping the carrier flow
for 10 min (relaxation time) before starting the elution step.

The separations were performed at constant field, by setting the
rotor velocity to 4800 and 2000 rpm respectively for the PS100 and
PS196 samples; the correspondent gravities are 2582g and 448¢g
(G/980cm s 2). All experiments were performed in duplicate at room
temperature.

3.5. Centrifugal particle sedimentation (CPS)

A disc centrifuge instrument (Model DC24000, CPS instruments
Inc., Prairieville, LA, USA), equipped with a 405nm laser for the
detection and running at 22,000 rpm was used to perform the CPS
analysis. The sucrose (Sigma-Aldrich, Milan, Italy) density gradient
0%—-8% (w/w) (nine different solutions of 1.6 mL in the range 0%—8%
sucrose w/w in Milli-Q water) of nominal density 1.015¢g cm >, was
built within the disc rotating at 22,000rpm and protected by a thin
layer of 0.5mL dodecane (Sigma-Aldrich, Milan, Italy). Once the
equilibrium was set, the instrument was calibrated using poly(vinyl
chloride) PVC standard particles (0.237 um, CPS Analytik Ltd., Cam-
bridge, UK; particle density 1.385 g cmf3); this operation was repeated
before each measurement. For the polystyrene particles a refractive in-
dex value of 1.624, absorption of 0.001 and density of 1.050g cm °
were used as input parameters for the calculations. The reproducibility
was ensured collecting a minimum of three concordant measurements
per sample.

3.6. Dynamic light scattering (DLS)

Dynamic light scattering measurements were performed on a Ze-
tasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK) equipped
with a max4 mW He—Ne laser, emitting at 633 nm, scattered light was
measured in backscattering mode at 173° angle from incident beam.
Samples were diluted as appropriate in the solvent (10mM PB at pH
8) and equilibrated for 3 min before the measurements at 25°C per-
formed in disposable cuvettes. Size distribution results were generated
by averaging 3 consecutive measurements of 12 times 10s runs. A re-
fractive index value of 1.590 and absorption of 0.01 were considered
during the calculation of number based size distributions.

For CF3-DLS measurement the CF3 was linked to the same Zeta-
sizer Nano ZS instrument using a quartz flow through cell with a light
path of 3 x3mm (Hellma Optik GmbH Jena, Jena, Germany).

3.7. Zeta potential measurements

The zeta potential was measured by means of Zetasizer Nano ZS
(Malvern Instruments Ltd., Malvern, UK) above described. The sur-
face zeta potential was measured in disposable folded capillary cells
(DTS1070, Malvern Instruments Ltd., UK) in 10 mM phosphate buffer
(pH 8) after 1 min of temperature equilibration using automatic mea-
surement duration, voltage and attenuation selection. Measurements
were carried out in triplicates with 2 min delay between runs.

3.8. Scanning electron microscopy (SEM)

Particles were observed by using a Zeiss EVO 40 XVP (Carl Zeiss
Microscopy GmbH, Jena, Germany) scanning electron microscope
equipped with an Inca Energy 300 Oxford Instruments (Oxford Instru-
ments NanoAnalysis, Wiesbaden, Germany) energy dispersive X-ray
spectrometer (EDS) at an accelerating voltage of 20kV. The samples
were sputter coated under vacuum with a thin layer (20-30 A) of gold.

4. Results and discussion
4.1. Characterization of the bare PS particles

In order to correctly interpret the results of surface coating, a good
characterization of the PS particle, as they are available from the sup-
plier, is of fundamental importance. 0.1% w/v suspensions were pre-
pared from the commercial samples using as dilution media a PB at
pH 8. The suspensions were manually shaken and then sonicated for
15 min before measuring their zeta potential, abundantly negative. The
values, {=—62mV and {=—75mV observed in dilutions in the mobile
phase (10mM PB, pHS) respectively for the PS100 and PS196, were
assumed as an indication of stable suspensions, which should preserve
them from aggregation phenomena during their analysis. These nega-
tive values, however, do not exclude the presence of aggregates previ-
ously formed, demonstrable only by some sizing techniques.

Size information achieved with several independent techniques,
DLS, CF3-DLS, CPS, are summarized in Table 3, while SEM pic-
tures, taken to the batch samples, are reported in Fig. 1(a and b).

Table 3

Zeta potential and size information data for the PS bare particles. The {-potential values
are the average of 3 measurements. DLS data were obtained on the batch suspensions
(average of 4 measurements), CF3-DLS data refer to the DLS measurement done on-
line during the CF3 separation. For the CF3 and CPS data, the assumed density was p
»=1.050g cm > [40]. The measured density of the PB at 24°C was p,=0.9973 g cm .
The peak fitting was performed with Origin™ (Gaussian model). x. and ¢ are the center
and the standard deviation of the peak, respectively.

100nm PS 196nm PS
Zeta potential { (mV) -61.9+11.6 —74.5+8.0
Sizes
Supplier (nm) 100 196
DLS (Z-average) (nm), Pdl 95.50, 0.02 199.18, 0.02
DLS (nm) Intensity - x, = RDS% 99.7+22.3% 206.7+21.4%
DLS (nm) Volume - x, + RDS% 89.9+25.1% 207.7+24.1%
Retention time st peak CF3' 12.95+3.21 16.49+3.23

X, £ 6 (min)

CF3 (nm) — x,, + ¢ Ist peak 91+6 18110
CF3 (nm) — x,. + 6 2nd peak (dimers) 112+6 219423
CF3-DLS (nm) X,y/qge + st.dev 104+8 196+5
CPS (nm) — x, £ c Ist peak 93+5 182+4
CPS (nm) — x. + 6 2nd peak (dimers) 112+3 219+4
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Fig. 1. SEM pictures of the 100nm (a) and 196nm (b) polystyrene samples; magnification 82K. Particle size distributions of the PS particles obtained from the (¢) CF3 and (d)
CPS separations. Experimental conditions: (¢) 21.6 uL injection volume, carrier PB at pH 8.00, flow rate I mL minfl, centrifugal fields 4800 rpm (PS100) and 2000 rpm (PS196); (d)

injection volume 0.4 mL, 0%—8% w/w sucrose gradient, centrifugal speed 22,000 rpm.

Batch mode DLS was firstly applied as fast and simple method to
check the compliance of the particle sizes with that declared by the
producer. Measured diameters were in reasonable agreement with the
declared values, even if they tended to be smaller in the case of the
PS100 sample and higher for the PS196.

In order to verify if the commercial samples were really monodis-
persed suspensions, particle size distributions were also derived from
CF3-UV-DLS and CPS measurements, by taking advantage of the
great separation abilities of these two techniques, both based on the
action of a centrifugal field. Since the particles are sorted depending
on their buoyancy mass, to convert the mass information into size val-
ues the particle density should be known; in these experiments a value
of 1.050 gem > was used for both PS samples.

The CF3 mass distributions (Fig. 1c) show for both PS100 and
PS196 samples two peaks, whose sizes, expressed as equivalent spher-
ical diameter, were respectively 93nm and 181nm for the main,
largest peaks, and 112nm and 219nm for the secondary small peaks,
indicated on the figure with blue arrows (dimers, see also Table 3).

These bimodal distributions were detected also by the CPS (Fig.
1d), and the sizes correspondent to those peaks were 93nm and
112nm for the PS100 sample, and 182nm and 218 nm for the PS196
sample. These first results obtained with the two independent tech-
niques were surprisingly very consistent with each other.

To verify if the small, secondary peaks are due to dimers and
trimers, the apparent Stokes diameters of the multiples were computed
with the empirical relation reported by Mehn in Ref. [44] and firstly
suggested by Bondoc and Fitzpatrick [45]

dyppy = (0.518 + 0481N*?) d,, | ©6)

The computed values with this relation, which holds true for small
aggregates (N <6), differed from the CF3 experimental data of -3%
(PS100) and -1% (PS196) and less than 1% for the separations per-
formed with the CPS (see Table S1 in Supplementary Material). These
results were considered an indirect confirmation of the hypothesis that
both diluted samples contain a small percentage of dimers, and that the
PS196 nm sample contained also trimers and tetramers.

By taking advantage of the CF3-UV-DLS instrumental configu-
ration, the CF3 separations were monitored also by the DLS, which
gives an independent size measurement of the separated particles, al-
lowing to verify the veracity of the assumed PS density. The sizes
measured online with the DLS in correspondence of the main peaks
were 104nm and 196 nm respectively for the PS100 and PS196 (Table
3 — CF3-DLS data). These numbers, taken as the most reliable, if in-
serted in Eq. (S4), allow to evaluate from the measured mass value
mpg, the density. When the particle density was adjusted to 1.038 g
cm ° (Eq. (S4)) [14,15,26], the sizes determined by converting the re-
tention times matched the DLS data for both PS samples.

In an attempt to cross-validate this result through the CPS exper-
iments, this density was used to re-calculate the particle sizes. The
new values of the equivalent spherical diameters were higher than
those previously computed (with p,=1.050 g cm °); they were 110nm
and 214 nm, respectively (Table S1); to match the sizes computed by
CF3-DLS the density had to be set to 1.045g cm .

Since the two techniques did not converge to an unique density
value, in the following experiments, when required, the nominal value
of 1.050g cm® was used as density of the core particles.
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4.2. Characterization of the PS-algE binary systems

The suspensions of the PS-algE binary systems were prepared for
both PS100 and PS196 samples in order to get 0.1% w/v PS particles
in all final preparations, while the concentration of algE was propor-
tional increased from the first to the third preparation (for example, for
the PS100, 0.12, 0.24, 0.36mgmL71) and set to have an equal nom-
inal number of algE molecules for PS surface unit for correspondent
preparations, i.e. the 1st preparation had ~ 3.4 x 10'® algE molecules
cm™ for both PS100 and PS196 samples (Table 1, last row).

The adsorption of the algE onto the particle surface determined
a significant decrease in the zeta potential in all preparations, which
was leveled out at roughly {~—20mV (Table 4). The first prepara-
tion showed a slightly lower { value for both PS samples ((=—23mV
PS100 and {=-25mV PS196), compared to the second and the third
preparation, for which the { values were very similar ((=—20mV,
PS100 and {=—19mV, PS196). This trend was taken as an indirect in-
dication of having reached a saturation condition on the surface, which
could be “geometrical” or physical, since the electrostatic interaction
between the protein coating on the surface and the protein molecules
in solution might hinder the adsorption of further molecules.

Table 4

Fig. 2 shows the CF3 elugrams of the PS and PS-algE particles for
the PS100 (plot a) and PS196 (plot b) samples; the retention time shift
of the main peaks due to the mass increase is evident in both plots.
The decrease of the UV signal of the PS-algE binary systems respect
to the PS particles can be ascribed to the screen effect of the adsorbed
algE on the PS surface, which reduces the PS adsorption at 254 nm
and to the re-distribution of the particles in multiplets. The increased
amount of aggregates can be deduced by either the area increase of the
secondary peaks and the appearance of a strong signal when the cen-
trifugal field stops (data not shown on the elugrams). The algE mol-
ecules can favor the aggregation making bridges among the particles
and by lowering the surface potential (Table 4, € values); this latter ef-
fect could provoke also a particle loss due to irreversible interactions
of the PS-algE particles with the channel walls, especially that one to-
ward which the particles are pushed by the centrifugal field.

These evidences were confirmed also by the CPS graphs depicted
in Fig. 3, where the light extinction (absorption and scattering based
signal loss) is reported as a function of the equivalent spherical diam-
eter, computed by the software by comparing the sedimentation be-
havior of the samples with the PVC standard particles of 0.237nm.
The signal of the bare particles was scaled respect to the peak height
of 10 times (plot a) and 20 times (plot b), respectively. The aggrega-

Zeta potential, mass and size information data for the PS-aIgE binary systems. The zeta potential values are the average of 3 measurements. Mass of the coating m,. ox; (Eq. (1)):
assumed densities ppg=1.050g cm? (PS) [40], p.=1.353 gcm73 (algE) [43]; measured density of the PB p;=0.9973 gcm73. CF3-DLS data refer to the DLS measurement done online
during the CF3 separation. The peak fitting was performed with Origin™ in order to obtain the peak center (x.) and the standard deviation o of the peak (1: Gaussian model; 2:

Gaussian modified model).

1 100nm PS 196nm PS
2 PS-algE preparation Ist 2nd 3rd 1st 2nd 3rd
3 Zeta potential { (mV) —232+52 —18.5£4.0 —20.7+4.5 —249+4.4 —19.2+4.4 —18.8+3.9
4
5 Retention time 7, CF3' 1st peak (min) x, + ¢ 18.0£3.0 20.6+3.9 21.9+3.5 20.0+2.9 21.9+3.0 22.8+3.1
6 CF3 At, (min) 5.10 7.67 8.95 3.48 5.38 6.27
7 m, ery(gx 1077 Eq. (1) 331 4.97 5.80 12.98 20.06 23.40
8 CF3-DLS 1st peak (M) X,y = St.dev 1145 12148 139+17 21347 22149 232+18
9 CF3-DLS 2nd peak (nm) X,,qg. + st.dev 1437 150+14 170£26 251+12 269+16 Not measurable
10 CF3-DLS 3rd peak (nm) Xy.¢y 0, + st.dev Not measurable Not measurable Not measurable 294+16 345+35 Not measurable
11 Radius of the coating (nm) 7 10 18 8 13 18
12 CPs? Ist peak (nm) x, + o 113+4 116+4 125+4 205+4 211+4 216+4
13 CPS' 2nd peak (nm) x, + ¢ 132+5 138+4 148+5 245+4 252+4 258+4
14 CPS' 3rd peak (nm) x, + ¢ 149+2 153+4 Not measurable 27245 280+5 286+5
15 CPS' 4th peak (nm) x, £ 6 Not measurable Not measurable Not measurable 29445 302+8 31010
16 p. (g cm™) - Eq. (S29) 1.046 1.024 1.022 1.034 1.035 0.9963
17 m, cps (%107 2.01 3.44 8.32 11.6 183 26.1
0.21 - 14 pre 0.21 - R
a PS100 2% piop I PS196 g
0.18 o 3% prep 0.18 34 prep
= 1 T{”G —PS5 100 . ] ——PS5196
=5 0154 & 5 0154 || @
« T @ 9
= 0243 , At = 5.1 min (1% prep) = 024 | & At = 3.5 min (1% prep)
- * I ! [= 1 ) i
F D o = P
< 0.0+ A = 0-091 N
= | 1 ] ] AW
0.06 - E : 0.06 o :
0.03 4 i E l 0.03
0.00 . S \ 0.00
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Retention time (min)

Retention time (min)

Fig. 2. Superimposed CF3 elugrams of the PS particles and PS-algE binary systems monitored with the on-line UV detector, set to 254 nm; separations performed with a flow rate of
I'mL min "', centrifugal fields 4800 rpm (a) and 2000 rpm (b) for the PS100 and PS196 samples, respectively.
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Fig. 3. Graphs reporting the light extinction as a function of the equivalent spherical diameter obtained from the CPS separations performed in a 0%-8% w/w sucrose gradient with a

centrifugal speed of 22,000 rpm; (a) PS100 and (b) PS196 samples.

tion among particles induced by the algE molecules was proven for
both PS samples by the appearance of large and broad peaks during
the separations of the second and third preparations (Fig. S3), in the
range 200-1000 nm for the PS100 and between 300 and 500 nm for the
PS196.

The mass of the adsorbed layer m, -r; can be determined with Eq.
(1) [14,15], providing a number of assumptions are made, on the top
of which to attribute the retention time shifts only to the particle mass
variation, neglecting the retardation caused by possible interactions of
the particles with the channel walls, which would deviate the elution
behavior from the ideal case. This assumption, reasonably for the bare
PS particles, is more challenging for the PS-algE binary systems.

To avoid interactions between bare and coated particles, the sep-
arations were carried out in separate runs, maintaining the same ex-
perimental conditions. The mass coating m, -3 was firstly computed
from the retention time differences of the main peaks by assuming as
known the density of the coating material p,.

Table 5

Coatings of the order of 107" g/particle were obtained in all ex-
periments (Table 4), with an average increment of =~ 34% between the
first and the second preparation, and only of the 14% between the sec-
ond and the third. By assuming a Mw of 150kDa for the algE [7], the
m,. cr3 adsorbed correspond to roughly 130 up to 230 molecules/parti-
cle for thePS100, and 520 up to 940 molecules/particle for the PS196
(Table 5, row 7). These numbers are significantly smaller than the the-
oretical number of molecules available in solution for a single particle
(N), however, the ratios 6,,,-c3/N for corresponding preparations are
very similar (7 3.0 - Ist prep, ~ 2.4 - 2nd and ~ 1.8 - 3rd). This means
that the PS particles, PS100 and PS196, captured a number of algE
proportional to the concentration of the molecules in suspensions, but
independently of the size of the PS sphere.

A similar conclusion could be deduced by observing the mass of
algE adsorbed (m, .13) related to the particle surface; values of coating
ranging between ~0.26 and ~0.46 mgm > are found, in agreement with
the results achieved by adsorbing IgG on PS microparticles (Table 5,
row 6) [9].

Comparison between the experimental and the theoretical data for the PS-algE binary systems. 6 measures the number of algE adsorbed on a single PS particle, computed from m,
cF3 OF m, cpg data and by assuming a Mw of 150kDa. N measures the number of algE available in solution for each single PS particle. The surface of the circle occupied by an algE
(R,=6.50nm) is 1.33 x 10 "% em?. *m, cr3 was computed with Eq. (1) by using the p,. values computed through Eq. (S29) (Supplementary material).

1 100nm PS 196 nm PS

2 Surface area of the sphere cm? (x 1079) 1.26 4.83

3 Theoretical number of algE adsorbable (packing type) 859 (hexagonal) 744 (square) 3299 (hexagonal) 2857 (square)

4 PS-algE preparation Ist 2nd 3rd Ist 2nd 3rd

5 CF3 data

6 m, crs/particle surface (mg m ) 0.25 0.38 0.45 0.27 0.41 0.48
7 Ocnp-crs 127 194 227 521 805 939

8 Nx10° 4.24 8.48 12.7 16.95 33.90 50.86
9 Bpp-cirs/N (x107°) 3.0 23 1.8 3.1 2.4 1.8
10 Percentage of coverage/particle (exagonal packing) 15 23 26 16 24 28

11 Percentage of coverage/particle (square packing) 17 26 31 18 28 33

12 *m, crs(gx 10710 1.81 493 6.24 19.1 235 259
13 #0,y,. 3 726 1979 2504 7653 9432 10398
14 #0,y,.cr3/N (x107% 1.71 2.33 1.97 4.51 2.79 2.04
15 *Percentage of coverage/particle (hexagonal packing) 84 230 291 232 286 315
16 *Percentage of coverage/particle (square packing) 98 266 337 268 330 364
17 CPS data

18 m, cps (%1071 Eq. (7) 2.01 3.44 8.32 11.6 183 26.1
19 m,/particle surface (mg m? ) 1.60 2.73 6.62 2.40 3.80 5.40
20 Ocup-cps 806 1379 3339 4645 7358 10468
21 Percentage of coverage/particle (hexagonal packing) 93 160 388 141 223 317
22 Percentage of coverage/particle (square packing) 108 185 449 163 258 366
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Since, none specific surface investigation were made to infer the
orientation of the algE molecules on the surface, all possible arrange-
ments are equally considered [47,48] even if, it is reasonable to sup-
pose that they are likely adsorbed through the Fc hydrophobic frag-
ment [49] because of the basic pH (PB, pH=28) of the solution; this
hypothesis will be verified if the Ag-Ab reaction, foreseen as follow-
ing step, occurs.

By assuming that the algE are macromolecules of hydrodynamic
radius R;, =6.50nm [42], the projected area of the circle that a single
molecule can cover is 1.33 x 107120m2, no matter what its orientation
as it approaches the surface. The ratio between the PS sphere surface
and the circle hypothetically occupied by a molecule, multiplied by the
packing density coefficient [S0], gives the maximum number of algE
that can cover a single bead (Table 5, row 3). The number of mole-
cules adsorbed, expressed as percentage of coverage for the two pack-
ing geometries, hexagonal and square (rows 10 and 11), both indicate
that the geometrically possible saturation condition is never reached,
even if the { potential values do not vary between the 2nd and 3rd
preparation.

Thanks to the online DLS detector, the sizes of the PS-algE par-
ticles were measured during their elution (Table 4 - CF3-DLS data,
and Figs. S4-S5). The difference between these CF3-DLS data and
those measured for the bare particles brings to an estimated layer
thicknesses of 7nm (PS100) and 8 nm (PS196), smaller than the algE
top-to-bottom distance of 14nm [42,48]. The layer thickness com-
puted for the 3rd preparation was approximately of 18 nm (>14 nm) for
both PS samples, a number that could suggest the presence of multiple
algE layers. By merging this information with the presence of broad
peaks observed in both CPS graphs (Fig. S3), the 3rd preparation was
not considered for the subsequent Ag-Ab reaction.

The above considerations can be critically questioned by the fol-
lowing discussion. The mass of algE adsorbed onto the PS surface
could be determined, in principle, also from the CPS experiments,
even if the procedure is much more complex because density and sizes
are both contemporaneously related to the core and the coating. How-
ever, in this study, it is possible to merge the CPS information with
that obtained from the CF3-DLS to determine the density and the mass
of the adsorbed algE layer. CPS analysis requires to input the parti-
cle density to obtain the particle size distribution; once the sizes are
known, the mass measured by the CPS is easily back-calculable. This
mass is due to the sum of the core and the algE shell. By assuming that
the mass of the coated particle does not change when the particles are
separated by CPS or CF3 (see also Supplementary material), the diam-
eters determined by CF3-DLS can be used to complete the following
equation

T 3 T3
_ Zd = - —d
(pPS psucrose) 6 cps (pPS pc) 6 CF3-DLS core
+ (pe @)
T3
- psucrose) gdCFS—DLStot

where pg,...se 15 the average density of the sucrose solutions between
the startin§ point of sedimentation and the detector position
(1.015gcem’) [51]. This equation can be solved to obtain the density
of the algE shell (p.) (see Eq. (529)) and consequently the mass of the
shell (m, cps) (Table 4). All density values are <1.3 g cm >, as reported
in literature for proteins; and also smaller than 1.06 g cm™ as observed
by J. Voros [52], who studied the adsorption of IgG on Teflon sur-
faces. This result is due to the fact that the algE coating is not a closely
packed layer, but it contains a significant amount of solvent, vari-
able from a 30% [23] to 70% [53]. The values decrease as a func-

tion of the preparation and the smallest particles appear to have a
slightly denser protein shell, in agreement with the trend observed by
N.C. Bell et al. [14].

The mass of the coating (m, pg) computed by using these densi-
ties are of one order of magnitude greater than those previously com-
puted by CF3 (m, ¢r;) (cfr rows 7 and 17 Table 4), to which corre-
spond a number of adsorbed molecules (9,,, -cps) consequently higher
(Table 5). The percentage of coverage are in almost all cases greater
than 100% compared to the theoretical values, a result that could ex-
plain why the { potential was constant for 2nd and 3rd preparations.

In the light of these findings, also the m, o3 calculations (Eq. (1))
were revised by using the shell densities (p,) determined for each
preparation (Table 4, row 16). The new *m,. o3 data (Table 5, row 12)
are now in line with those computed by CPS, determining a number
of algE adsorbed on a single PS particle (+0,,, cr; ) of the same or-
der of magnitude of the 0,,, cpg values; obviously, to different den-
sity values correspond different amount of water adsorbed in each
layer, so that the correspondence between analogous preparation is
lost (#0,y,.cr3/N). By concluding, the shell density reveals itself as
the most critical parameter in the CF3 theory, which must be chosen,
when possible, only after accurate and complementary measurements.

4.3. Characterization of the PS-algE-IgE ternary systems

The amount of IgE placed in contact with the PS-algE complex
was established by setting to 1:1, 1:2 and 1:7 (large excess) the mol-
ecular ratio with the algE previously used to build the binary com-
plex PS-algE. To test the behavior of the PS-algE probes and to com-
pare their performance toward the algE-IgE reaction, the IgE concen-
tration in the final suspensions was kept higher than the typical IgE
concentration found in human sera of allergic patients (IgE=12pg
mL!, 5000 TUmL™") [54]; the values ranged between 65-390pg
mL ! (PS100) and 55-166 pg mL ™' (PS196).

The Ag-Ab complex formation determines an increment of the par-
ticles” mass which both CF3 and CPS can monitor. Fig. 4 reports the
PS100-algE elugram of the first preparation (Table 1) superimposed
to the elugrams of the 1:1 and 1:2 ternary systems (Table 2, columns
2-3). The separation was monitored by both UV and DLS detectors
but — in the actually used instrument setup - often only this latter gave
a signal strong enough to clearly distinguish the peaks [14]. If the
analysis time is fixed to one hour, this time interval allows to moni-
tor the exit of the main peak, to measure the retention time shift and
consequently the mass uptake. However, to verify the presence of ag-
gregates, the CF3 analysis time would be much longer, without having
the certain of obtaining a complete picture of the fractionated sample.
These considerations brought us to prefer the CPS instead of the CF3.

Fig. 5 shows the separations of both PS100 (a) and PS196 (b)
samples by CPS. Both graphs show a very broad roughly Gaussian
curve, peaking at roughly 320nm for both PS100-algE-IgE samples
and 350nm for both PS196-algE-IgE samples due to the agglomera-
tion of the IgE and the particles. Superimposed to this broad curve, as
observed by Gollwitzer et al. [55], a number of very narrow peaks are
present on all the left sides of the large peaks, ascribable to well de-
fined multiples (monomers, dimers, trimers, etc), as proven by the nu-
merical data summarized in Table 6. These narrow peaks were better
defined in the suspensions created with the 196nm PS particles.

By considering that PS-algE-IgE complexes were created through
independent experiments, the surprising match of the estimated sizes
of the first, second, etc. peaks of the 1:1 and 1:2 preparations (columns
2-3 and 4-5), even if computed with an incorrect particle density,
suggests a well defined ratio between algE and IgE molecules.
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the reader is referred to the web version of this article.)

The Ab-Ag reaction determined a size increment percentage of ~
8-9% and ~ 3-4% for the 1:1 and 1:2 preparations respectively for the
PS100 and PS196 samples.

The mass increment of the PS-algE particles, due to the capture
of the IgE, is computable through the CF3 experiments, but the shift
in the retention times Az, was well determinable only in the case of
the PS196 samples. Since no experimental, reliable data for the densi-
ties of each single preparation were available, Eq. (1) was then solved
by using for p, the literature value (p,=1.353 gcmf3 [43]). The mass
was calculated by comparing the retention data of the ternary systems
respect to the PS bare particles and then subtracting the contribution
due to the creation of the first layer (algE), computed always using
the same density. The mass increment, Am, is roughly of 1x10 "% g
for the 1:1 and 1:2 preparations, and 1.3 x 1016 g for the excess. The
molecular ratio between the IgE and algE present on the surface, is
roughly 0.6 in almost all cases (Table 6, row 18), which indicates that
only half of the algE (Fc specific) adsorbed on the surface can interact
with the IgE. Unfortunately, the lack of on-line CF3-DLS sizes (Z-av-
erage) limits any further consideration about the layer thickness, im-
peding to calculate the IgE shell density and the mass also from the
CPS experiments. For a more accurate application of Eq. (1) and a

critical discussion of the CF3 method, a different experimental ap-
proach must be excogitated.

5. Conclusions

In this work, a careful size characterization of the PS particles,
used as substrates for the protein adsorption, was carried out. The re-
sults obtained by comparing different sizing techniques (DLS, CPS
and CF3) showed that sometimes samples sold as monodispersed
might contain dimers or multiplets in small quantity. The accurate
knowledge of the particle dimensions in case of homogeneous spheres
allows the estimation of the particle density from the CF3 data, since
this technique sorts the sample based on their mass. However, this
value (1.038 gem ™) should be used with caution, since when used to
back-calculate the diameters from the CPS experiments, the computed
diameters resulted larger than expected. The correspondence between
the sizes determined with independent techniques and those computed
from the CPS experiments is found for a density of 1.045 gcmﬂ,
smaller but closer to the declared value. In both cases, the Stokes di-
ameters were smaller than the hydrodynamic diameters measured by
DLS.
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Table 6
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CLS and CF3 data of the PS 100-algE-IgE and PS 196-algE-IgE complexes. The CPS peak fitting was performed with OriginyrM in order to obtain the peak center (x,) and the standard
deviation ¢ of the peak (1: Gaussian model, 2: Gaussian modified model). CF3 data were obtained by monitoring the elution with the online DLS. CF3-DLS data refer to the DLS
measurement done online during the CF3 separation. Mass of the protein coating 7, ¢3 (Eq. (1)): assumed densities p ,=1 .050gcm’3 (PS), p.=1.353 gcm’3 (algE) [43]; measured
density of the PB p;=0.9973 g cm >,

1 PS100-algE PS196-algE

2 CPS Ist 2nd Ist 2nd

3 CPS? Ist peak (nm) x,+ o 113+4 116+4 205+4 211+4

4 IgE/algE ratio 1:1 1:2 1:7 (excess) 1:1 1:2 1:7 (excess)

5 CPS' 1st peak (nm) x, + & 12245 122+4 131+6 212+4 21245 227+4

6 Size increment % 8% 8% 13% 3% 3% 7%

7 CPS' 2nd peak (nm) x, £ © 147+8 146+20 158+4 253+4 25345 27244

8 Size increment % 9% 8% 14% 3% 3% 8%

9 CPS' 3rd peak (nm) x, + & 210+5 163+15 176+9 281+6 282+6 303+6

10 Size increment % 40% 9% 15% 3% 4% 8%

11 CPS' 4th peak (nm) x, £ & 250+5 - 191+10 304+7 305+8 328+9

12 Size increment % Not eval. Not eval. 4% 4% 9%
CF3 Ist 2nd Ist 2nd
CF3 ¢, 1st peak (min) PS-algE x, +

13 c 18.0+3.0 20.6+3.9 20.0+2.9 21.9+£3.0
IgE/algE ratio 1:1 1:2 1:7 (excess) 1:1 1:2 1:7 (excess)

14 CF3 ¢, Ist peak (min) PS-algE-IgE Detector signal too Detector signal too Detector signal too 22.8+3.13 23.02+3.46 25.36+10.5
x,to weak weak weak

15 CF3 At, (min) - - - 6.31 6.53 8.87

16 m, crs (2% 10717) Eq. (1). - - - 23.52 2434 33.06

17 Am, cps (%1071 - - - 1.05 1.14 1.30

18 IgE/algE - - - 0.6 0.7 0.5

19 CF3-DLS Ist peak (nm) x, £ ¢ - - 204+12.46 206+5.96 No well defined

peak
20 CF3-DLS 2nd peak (nm) x, + ¢ - - - - 25149.24 No well defined
peak

The same pool of techniques and the tested strategy were very use-
ful also to study the adsorption of algE onto the PS particles, since
this process determines an increase of the particle sizes and masses
and promotes the aggregation among the particles. The mass of the
adsorbed algE molecules can be directly measured through CF3 ex-
periments, but the CPS, used in parallel, reveals being very useful in
determining the density and the mass of the protein shell by combin-
ing its size data with those obtained by the coupling CF3-DLS. The
masses of algE adsorbed onto the particles, computed by CF3 using
the density reported in literature, were initially smaller than that cal-
culated from the CPS and CF3-DLS data, but when the experimental
p. density values, calculated by merging the CPS and CF3-DLS data,
were inserted in Eq. (1), the mass of algE adsorbed onto the PS parti-
cles became consistent with the CPS data and with the C-potential data.

When the functionalized PS particles were used to capture IgE
molecules, both CF3 and CPS techniques detected a further mass in-
crease, and the ratio between the primary and secondary antibodies in-
ferred from the CF3 mass data foresees that only roughly half of ad-
sorbed algE interact with an IgE molecule. However, the diffuse ag-
gregation among molecules and particles, monitored very rapidly by
the CPS, did not allow a stable UV signal and significant CF3-DLS
size data for all the preparations to support more strongly these data.
This could be avoided by washing the ternary complex, but the choice
of leaving the PS-algE-IgE particles in the reaction medium was done
thinking to the PS-algE particles as probes for capturing the IgE di-
rectly in biological fluids (serum). A new experimental approach must
be thought to overcome the limits encountered in this work and it will
be object of a future investigation. In addition, as it is difficult to dis-

tinguish the aggregation due to specific reaction with the allergen from
the non-specific aggregation of particles, the application to detect al-
lergies might require refinement of the protocol, i.e. the use of mono-
clonal or synthetic antibodies.
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