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Introduction

In recent years, nanoparticles (NPs) have found widespread
use in the biomedical field" as carriers, as labelling and track-
ing agents, as vectors for gene therapy,
treatments and as magnetic resonance imaging (MRI) contrast
and they still hold great potential to improve

agents,™®

Label-free in-flow detection of receptor
recognition motifs on the biomolecular corona of
nanoparticlest
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Nanomedicine, nanotargeting and nanotherapeutics have in the last few years faced several difficulties in
translating the promising results obtained in vitro to an in vivo scenario. The origin of this discrepancy
might be found in the lack of a detailed and realistic characterization of the biological surface of nano-
particles. Despite the capability to engineer nanomaterials with a great variety and a precise control of the
surface functionalization, the targeting capability is lost when the nanoparticles are embedded in
complex biological media, due to the formation of a biological layer (biomolecular corona). This biological
layer represents the ultimate nanoparticle surface, likely to interact with the cell machinery. Therefore, in
addition to traditional nanoparticle characterization techniques, a more insightful investigation of the bio-
molecular corona is needed, including the capability to assess the orientation and functionality of specific
key molecular features. Here we present a method for the rapid screening of exposed protein recognition
motifs on the surface of nanoparticles exploiting quartz crystal microbalance (QCM). We quantify accessi-
ble functional epitopes of transferrin-coated nanoparticles and correlate them to differences in nano-
particle size and functionalization. The target recognition occurs label free in flow, thereby pushing our
investigation into a more in vivo-like scenario. Our method is applicable to a wide array of nanoparticles
and therefore holds the potential to become an advanced technique for the classification of all kinds of
nanobioconstructs based on their biological external functionality.

corona”."” ™" This biological layer provides the NPs with a new

external surface capable of interacting with the cells and bio-
logical barriers at the receptor level."*® In this respect, it has
been shown that a key role is played by the organization and
orientation of the proteins that compose this biomolecular
corona."™"”2° The protein composition and conformational
structure of this layer critically depend on and can be modu-

>3 in hyperthermia

medical therapeutics and diagnostics.®”® However, in order to
apply them in these contexts, the fundamental interactions
that drive biological processes once nanomaterials come into
contact with living systems should be carefully investigated.’°
It is now well accepted that, upon incorporation via the lungs,
gut or skin, NPs interact with extracellular biomolecules dis-
solved in biological fluids, including proteins, sugars and
lipids, producing a bio-nanointerface known as “biomolecular
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lated by the NP properties, such as size, shape and surface
chemistry.*>** In addition, the need to deliver NPs to specific
organs and tissues by targeting selective cellular receptors has
made researchers achieve great advances in engineering a
plethora of targeting NP designs for therapeutic purposes. The
high control over the synthesis and functionalization of NPs
decorated with a variety of bio-(molecules) arranged in specific
ways on their surface may induce receptor-mediated cell
internalization and modulate intracellular trafficking.
However, despite their huge potential and the recent advances,
limited success in targeting has been achieved and the clinical
translation of nanotherapeutics still remains a challenge.”***
A discrepancy between in vitro and in vivo experiments is often
found. The lack of detailed understanding of the NP biological
surface (including composition, organization and activity/func-
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tionality of the exposed biomolecules) is probably at the origin
of this failure. Besides, the demonstrated functionality of NPs
in vitro (in simplified model environments) is insufficient to
predict their in vivo targeting capabilities, where the chal-
lenges associated with the complexity of the scenario increase
highly. NPs can be rapidly covered by another dynamic layer of
biomolecules from the environment and this final layer might
lead the NP clearance process by liver, kidneys, etc.>® In
addition, body fluids are dynamic in nature so the question
arises whether the experimental conditions, e.g. dynamic flow
vs. static incubation, affect the NP-biomolecule fingerprints.>®

The physico-chemical characterization of NPs is insufficient
to describe and/or predict NP-protein, NP-protein-protein,
and NP-cell interactions. Several characterization techniques
(dynamic light scattering, differential centrifugal sedimen-
tation, fluorescence correlation spectroscopy, etc.)*’ > in com-
bination with proteomics and biophysical methods have
increased our understanding on NP-protein interactions.
Functional motifs presented at the periphery of the NP surface
are of paramount importance for a detailed understanding of
the processes involved at the molecular level,’ in order to
assess the quality of the targeting capabilities of NPs before
moving to in vivo experiments. Therefore, the development of
new tools and approaches to fully characterize the bio-nano-
interface in detail,>*?* including the microscopic mapping of
molecular motifs presented on the NP surface, is now urgently
needed and some approaches based on immunolabelling have
been recently reported.'®?® However, in all these approaches,
recognition takes place under static (bulk) conditions.

Quartz microbalance (QCM) can exploit immunometric
techniques for the precise detection of biomolecules and the
use of NPs often allows the amplification of the signal.**7”
Here we apply QCM for the detection of specific NP reco-
gnition epitopes, introducing a fast, label-free screening meth-
odology for mapping the NP biological surface. QCM allows
for the rapid assessment of biological interactions without the
need for any further probes that may modify the surface func-
tionality of NPs, therefore eliminating any perturbation to the
system. It is also not limited by the nanomaterial chemical
composition, and hence holds the potential to become a
routine characterization technique for bio-nanoconstructs.
Moreover, since the recognition occurs in flow, it reflects more
realistic in vivo-like conditions where the NPs flowing in the
blood vessels are seen and recognised by cellular receptors.

In this work, polystyrene (PS) NPs (and gold NPs) of
different sizes and surface functionalizations were incubated
with human holo-Transferrin (Tf) leading to a physically
adsorbed protein corona. Using appropriate monoclonal anti-
bodies and a QCM “sandwich” biochemical assay format, we
could quantify surface-exposed protein recognition epitopes
and link them to the different physical chemical properties of
the NPs. The estimated number of these epitopes was com-
pared to previously reported data where epitope quantification
was realized under static experimental conditions (e.g. incu-
bation) and the influence of the flow rate on target recognition
was investigated. Moreover, the washing steps performed in
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flow significantly shortened the analysis time, inducing a
minimal system perturbation when compared to traditional
centrifugation-based washing techniques.

Results and discussion
Experimental setup

Colloidal dispersions of different types of NPs were incubated
for 1 h at 37 °C with human transferrin (Tf) as the model
protein (see the ESI, Scheme 1f) to form a biomolecular
corona.*® The so-produced NP-Tf complexes were washed by
centrifugation steps to remove unabsorbed proteins and were
resuspended in phosphate buffer saline (PBS). The resulting
suspensions were then fully characterized using differential
centrifugal sedimentation (DCS), dynamic light scattering
(DLS) and nanotracking analysis (NTA) (see the ESI, Fig. S1-52
and Tables S1-S27).

In parallel, QCM LNB-carboxyl sensor chips (Attana AB,
Sweden) were functionalized through conventional amine
coupling chemistry (via EDC-NHS) with a monoclonal antibody
anti-Tf (mADb-Tf, see Fig. S47) that recognizes an epitope proxi-
mate to the Tf receptor-binding region (Pro142-Pro145)."

The successful immobilization of the mAb-Tf was assessed
by a similar Ab surface sensor coverage, monitored by the
change of frequency after the Ab immobilization step, for all
experiments (see Fig. S5T). Thereafter the NP-Tf complexes in
PBS were injected over the sensor surface at a selected flow
rate of 10 pl min~" and the frequency changes due to the nano-
particle complex binding were monitored in real time.
Depending on the type of the nanoparticle employed, i.e. size
or surface chemistry, one or more injections of the complexes
were performed so that the net frequency shift caused by the
binding of the nanoparticle complexes to the immobilized
antibodies was in the order of 60 to 110 Hz. For NPs of the
same material and size but different functionalizations, the
injection of the nanoparticle complexes was stopped once
similar frequency shifts were obtained; thus similar numbers

Table 1 Summary of the number of antibodies detected per PS NP
with different sizes (100 and 200 nm) and surface chemistries (carboxy-
lated PS NPs and sulphonated PS NPs)

PS SO; PS COOH
Diameter (nm) 100 200 100 200
Frequency shift 153 66.7 138.5 62.5
(Hz)xpre
Mo (ng) 107.1 46.7 96.9 43.7
Mesr (ng)core shell model 4.5 % 4.2 5.0 x 1.8 x
1078 1077 1078 1077
No. of NPs 24x10° 1.1x10%° 1.9x10° 2.4x10°
immobilized
Tf/NP (theory) 711 2844 711 2844
Frequency shift 20 7.75 8 2.7
(HZ)mAb
M Ab (ng) 14 5.4 5.6 1.9
Ab molecules 5.3 x 2.0 x 2.1 % 7.1x10°
1010 1010 1010
No. of Abs/NP 22 184 11 30
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Fig. 1 Schematic illustration of the experimental setup for the bio-
recognition assay and of the nanoparticles employed (two different sizes
and two different surface chemistries for the same type of nhanomaterial
have been used).

of particles were immobilized (see Table 1). A second channel
was used in parallel as a control/reference where no NP-Tf com-
plexes were injected (see the ESI for the control experiments,
Fig. S6-S871). The specificity of the binding of the NP-Tf com-
plexes to the sensor surface was assessed by performing a control
experiment where injections of PS NPs incubated with BSA
protein were performed. These injections resulted in negligible
frequency shifts, i.e. no non-specific binding (Fig. S8A and Bf).

After the binding of the NP complexes to the sensor
surface, a “sandwich” assay was conducted using the same
mADb-Tf that was previously employed as capture Ab. A sche-
matic representation of the assay is shown in Fig. 1. The anti-
body was injected in both the main and reference channel. The
injection was repeated twice to ensure saturation of the surface
of the NP-Tf complexes, which was verified by a frequency
change (Fig. 2). In the absence of nanoparticle complexes,
channel B did not show any interaction with the secondary anti-
body (Fig. S71). The details of the procedure are presented in
the Materials and Methods section as well as in the ESL.{

Fig. 2a illustrates the different steps of the “sandwich”
assay format, starting from the injection of the NP-Tf com-
plexes while Fig. 2b is a close-up of the two consecutive sec-
ondary antibody injections. The net frequency shift due to the
binding of the secondary antibody was measured 50-100 s
after the completion of the second injection, when the fre-
quency signal had been stabilized. Notice that the fluctuation
of the signal is less than 0.2 Hz and that the rolling average
(the average of the frequency using time windows of 20 s) for a
125 s period did not show a drift of the signal (see the insert
of Fig. 2b). Both observations confirm that the signal was
indeed stabilized and reached a constant value. This frequency
shift allowed for the determination of the number of immobi-
lized antibody molecules per NP-Tf complex (see Table 1). The
successful immobilization of NP complexes on the sensor chip
surface was also verified by SEM at the end of the experiment
and before the regeneration step (Fig. S147). The total duration
of the assay was 30 min, which allows for the analysis and
comparison of several different NP types in a limited time
frame.
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Fig. 2 Sensorgrams showing (a) the injection of PS NP-Tf complexes (I)
followed by two consecutive injections of monoclonal anti-transferrin
antibody mAb-Tf (lla, IIb) and regeneration with 10 mM glycine (pH 1.5)
(llla, 1llb) and (b) the close-up of MAb-Tf injections. In the inset, the
rolling average for time windows of 20 s is presented.

Calculation of the total number of Tf receptor-binding motifs

The total mass of immobilized NP-Tf complexes was calculated
by the net frequency shift obtained after the injection of the
complexes. Each Tf-coated NP is composed of a core of dia-
meter (D.) and density (p.), and a Tf layer of thickness (s) and
density (ps). The full particle complex has a total diameter Dy =
D, + 2s. Therefore a core-shell model based on DCS measure-
ments previously developed was used to analyse the data for
protein (shell) coated particles in order to estimate the shell
thickness.>® By applying this model to the data obtained from
the characterization of 200 nm PS NP (with and without Tf) by
DCS, we could determine the Tf thickness layer (~3 nm, which
is assumed to be constant for all calculations) and we could
calculate the effective mass Mg of such NP-Tf complexes (see
Table 1 and the ESI, eqn (3)t). This allowed the estimation of
the total number of particles immobilized on the sensor
surface, N = M,/M.¢ Where M, is given by the change of fre-
quency times 0.7 ng (mass corresponding to 1 Hz of frequency
shift). In a similar way, the frequency shift obtained after the
injection of the secondary antibody allowed for the determi-
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nation of the number of immobilized antibody molecules per
NP-Tf complex (see Fig. S11-S12 and Table S3t). In Table 1 the
results obtained for the mapping of PS NP-Tf complexes of a
nominal core diameter of 100 nm and 200 nm with both plain
(-SO; terminated) and PEGylated (-COOH terminated) sur-
faces are reported. As expected, the number of functional Tf
epitopes recognized increased with the NP size. Notice that
neither of the systems showed a quadratic growth of the
number of epitopes with the diameter of the NP indicating
that the trend observed is not solely due to the increase of the
surface of the NP. This result indicates that besides the surface
area, other physico-chemical parameters of the NP surface
(roughness, surface charge and surface chemistry) might
greatly influence the protein adsorption, thereby determining
the multivalency of the active motifs on the NP surface.

In order to calculate the percentage of Tf oriented in a
favourable way for the receptor recognition, first, the total
protein coverage amount was both estimated theoretically and
determined experimentally. For the theoretical calculation, a
complete coverage of the NP surface with Tf was considered.
Assuming that a single Tf can be considered as a sphere with
radius r = 3.75 nm, the number of Tf on the surface of a NP of
diameter D is given by D?*/r*. The experimental determination
of the total number of adsorbed proteins per particle was
carried out using intensitometry values for the SDS-PAGE
bands (see Fig. S9t). The effect of the NP surface functionali-
zation on the protein adsorption is shown in Fig. 3, where the
percentage of well-oriented Tf on the NP surface that was
found to bind to antibodies is shown. Two calculations are
reported, assuming a dense packed layer of Tf (labelled as Tf
complete coverage) and using the average of the Tf measured

= PS-COOH
PS-S0;

=
N o

._.
% of Tf binded to Ab

© &

Fig. 3 Percentage of available Tf epitopes recognised by mAb-Tf for PS
NPs of different sizes and surface chemistries. The percentage is calcu-
lated over the total amount of protein coverage both theoretically and
experimentally determined. QCM analysis of the NP protein complexes
determines the influence of the variation of the surface chemistry (-SOz
and —COOH) and the NP size (100 and 200 nm) in the number of
exposed Tf epitopes: size is the driving factor in the case of the 100 nm
PS NP (4% of Tf for PS-SOz NP and 3% of Tf for PS-COOH NP); however
surface chemistry (16% of Tf for PS-SOs NP and 3% of Tf for PS-COOH
NP) seems to play a major role for 200 nm of PS NP.
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by SDS-PAGE (labelled as Tf experimental coverage). The calcu-
lated percentages are less than 20% suggesting that the Tf
molecules attach to the surface of the NP in a non-selective
way. The difference observed between the two functionaliza-
tions confirmed that the preferred or more favourable binding
orientation depends on the surface chemistry of the NP, in
agreement with previous theoretical’®*' and experi-
mental®**?! reports.

Sulphonated PS NPs exhibit a relatively hydrophobic
surface, which can influence the Tf orientation when adsorbed
on the NP surface. Despite the relatively similar amount of
absorbed Tf for both PS NPs (approximately 1.2 times higher
for the sulphonated particles than the carboxylated ones of the
same size, experimentally determined by gel electrophoresis,
Fig. S97), the total number of Tf epitopes recognised by mAb-
Tf is two times higher for 100 nm sulphonated PS NPs and
between 4-6 times higher for 200 nm sulphonated PS NPs,
when compared to carboxylated PS NPs of the same size. This
highlights the necessity to not only determine the amount of
protein immobilized on the NP surface but also to have a fast
and robust methodology for screening the valency of active
motifs exposed on the NP surface, which will define the bio-
logical activity of the NP. By modifying the size, surface curva-
ture or surface chemistry, this number can be modulated,
being capable of controlling particle-cell interactions (multiva-
lency promotes stronger NP-cell receptor interactions, oligo-
merization of receptors leading to different internalization
pathways, etc.).*>*?

To verify that the method proposed is not limited to PS
NPs, and can be directly used to study different NP materials
and sizes, we also measured the Tf functional epitopes on
different sizes of gold citrate capped NPs (see the ESI, Fig. S13
and Table S47 for QCM results and Table S2, Fig. S2, S3, S107
and the Experimental section for details on the synthesis and
characterization).

One should note that a difference between the absolute
numbers of counted epitopes obtained with the QCM-based
methodology and the ones obtained with other static
approaches such as immunolabelling techniques'®? is to be
expected. First of all, QCM resembles a 2D rather than a 3D
assay; part of the surface of the nanoparticle complexes is not
available for binding to the secondary antibody since it is
already occupied by the ligand found on the sensor chip
surface. Secondly, when a large number of nanoparticle com-
plexes are immobilized on the sensor surface, there is the risk
of steric hindrance, meaning less secondary antibody could
interact with the complexes. However, it is the relative number
of counted functional epitopes under the same experimental
conditions that is of interest here.

Making predictions about the NP biological response based
solely on the NP physico-chemical attributes may result in con-
clusions partially true for a specific NP type or experimental
design, which are not universally valid. The answer to
thorough NP investigation lies in careful testing of nano-
materials under various conditions, including assessing the
orientation and functionality of specific key molecular features
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on their surface. For example, characterizing in detail the
number of potentially active epitopes will allow one to define
the NP targeting capabilities under different scenarios.**

The proposed method has the potential to become a
routine NP characterization technique along with more classi-
cal physico-chemical characterization techniques. This meth-
odology allows the comparison of the relative number of epi-
topes exposed on different NP surfaces that can be recognized
by other proteins, cellular receptors, etc. In addition, these
interactions can be evaluated in more relevant scenarios such
as complex media and/or different flow rates.

Effect of the flow rate

As mentioned previously, every intravenously administered NP
is in contact not only with biological fluids and their
components but also with the constituent flow-dynamic
environment. The current in vitro techniques for the character-
ization of the bio-nanointerface are usually static by nature
and as such ignore the shear stress produced by the blood
flow and limited contact time. Early studies demonstrated
that the introduction of lateral flow to a NP system can alter
the balance between diffusion and sedimentation forces,
thereby modifying dosimetry, NP internalization, and bio-
responses.*>*°

An additional advantage of the method presented here is
the ability to control the flow conditions by varying the flow
rate. For the experimental setup used and the accessible flow
rates of the instrument (between 2 and 150 pl min~") we esti-
mate the Reynolds numbers for the flow inside the channel in
the range 0.01-1 which is in the same order of the Reynolds
numbers determined for the flow of blood in arterioles, capil-
laries and venules.”” In this sense, the possibility to detect
receptor binding motifs available at the NP surface for poten-
tial engagement with specific cell receptors in a small volume
under continuous flow places our methodology a step forward
towards more realistic blood vessel conditions.*®*°

To study the influence of flow rate on antibody recognition
and therefore on the number of Tf epitopes detected, we now
report experiments in which the flow conditions are varied
during the mADb-Tf injection step. Four different flow rates
were used: 5, 7, 10 and 25 pl min~'. As shown in Fig. 4, no
influence of the flow rate on the recognition was detected as
the mean number of mAb-Tf per NP (2 replicates in each case)
is constant for the flow rate range employed. This result indi-
cates that, for our microchannel structure and the operation
conditions used, the transport of antibodies is diffusion
dominated.

Moreover, the method reported here is flexible and suitable
for further optimization including the possibility to control
flow conditions to more accurately mimic in vivo NP exposure.
For instance, increasing the flow rate to a value where convec-
tive transport dominates could be used to study epitope acces-
sibility in out-of-equilibrium situations and, in addition, could
further shorten the experimental measurement time.
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Fig. 4 Influence of the flow rate on the number of epitopes detected
per 200 nm PS NPs.

Conclusions

A quantitative understanding of the NP-cell interaction is an
important prerequisite for successfully designing and engin-
eering NPs with enhanced or suppressed cellular effects. It is
well accepted that when nanomaterials are in contact with bio-
fluids, the biomolecules that naturally adsorb onto their
surface represent the final functional surface likely to engage
with the cells. Despite being able to link the biomolecular
composition to the core material and the chemical surface, the
orientation of specific proteins or motifs on the NP surface is
poorly characterized.

Here we present a robust quantitative methodology to
measure receptor recognition motifs of NP-biomolecule com-
plexes under relevant conditions. This characterization assay
enables the determination of the specific orientation of the
proteins and therefore will predict the functionality and avail-
ability of specific epitopes of interest.

This biological characterization must be included in the
routine nanoparticle batch characterization, in addition to
more classical physical-chemical characterization. In order to
develop a high-throughput analysis for the quality control of
all kinds of natural and engineered nanobioconstructs, it is
essential to apply cost- and time-effective protocols. The meth-
odology outlined here represents a fast and reliable way of
screening the biological surface of NPs in flow, using low
volumes and a label-free readout.

The washing steps performed in the flow greatly shorten
the time of analysis, inducing a minimal perturbation of the
system if compared to traditional washing techniques based
on centrifugation. Thus, the screening of a variety of nano-
materials can be realized in a short time.

Moreover, since the recognition occurs in a continuous
flow, it makes the system similar to the blood vessel environ-
ment. The NPs in biomedical applications are administered
mostly systemically and enter the blood stream subjected to
different flow rates and flow regimes. In this work, we could
mimic flow rates commonly found in arterioles, capillaries,

This journal is © The Royal Society of Chemistry 2018
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and venules but the technique holds great potential for future
developments and optimization in this regard.

Finally, the possibility to perform the analysis in situ
(including highly complex dispersions and relevant biological
milieu) will represent an important step for the acquisition of
detailed molecular information in realistic biological scen-
arios, potentially allowing to detect and consider also “softer”
interactions.

In conclusion, the method presented here is an important
tool for advanced NP characterization, allowing to obtain the
biological fingerprint of NPs that will likely define their bio-
logical outcomes (targeting specific cellular receptors, internal-
ization pathways, etc.). The systematic use of this characteriz-
ation tool will pave the way for a more conscious NP design
that will represent a great improvement in the field of nano-
medicine, targeting and diagnosis.

Methods

Materials

All chemicals were of the highest grade available and used as
received. Gold(m) chloride trihydrate (520918), O-(2-carb-
oxyethyl)-O'-(2-mercaptoethyl) heptaethylene glycol
(SH-PEG-COOH, 672688), PBS tablets (P4411), Trizma® base
(T1503), glycine (G8898), ammonium persulfate (A3678), ethyl-
enediaminetetraacetic acid disodium salt dehydrate (EDTA)
(252352), sodium dodecyl sulfate (SDS) (L3771), N,N,N',N'-tetra-
methylethylenediamine (TEMED) (T9281), sucrose (m117),
dodecane (D22110), acrylamide/bis-acrylamide 40% solution
(A7802), dithiothreitol (DTT) (D5545), ethanol (32294-2),
methanol (24229-2), and trisodium citrate dihydrate (S1804)
were purchased from Sigma-Aldrich. In addition, PVC cali-
bration standard 483 nm (PVC000476) was purchased from
Analytik Ltd; ColorPlus Prestained Protein Ladder, Broad
Range (10-230 kDa) (P7711S) and blue loading buffer for
SDS-PAGE were obtained from New England Bio-Labs (cat. no.
B7703S); and 2D Silver Stain Kit II [Daiichi] (167997) was pur-
chased from Insight Biotechnology.

Proteins: Holo-Transferrin Human, Tf (T44132), was pur-
chased from Sigma-Aldrich. Antibodies: the antibody anti-Tf
(monoclonal HTF-14: ab769) was purchased from Abcam (UK)
and the antibody anti-Myoglobin 7005 (IgG1) was purchased
from Medix Biochemica (Finland).

Particles:  Polystyrene NPs were purchased from
PolySciences (2.6%Sol., 26 mg mL™" stock solution, 07304
200 nm plain PSNP, 00876 100 nm plain PSNP, 08216 200 nm
carboxylated PSNP, 16688 100 nm carboxylated PSNP).

Nanoparticle characterization

UV-visible spectroscopy was performed on a Cary 600i UV-
visible spectrophotometer using 1 cm path length Hellmaz
quartz cells, measuring in the 200-800 nm range.

Differential centrifugal sedimentation (DCS) analysis of NPs
was performed using a CPS Disk Centrifuge DC2400. The
measurements were carried out using a 2-8% sucrose density
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gradient in Milli-Q® water and PBS buffer, with the disc speed
set to 24 000 rpm while monitoring in the 1-500 nm range.
Each particle size measurement was calibrated using a PS stan-
dard of nominal diameter 520 nm. 100 pL of the standard was
injected before each measurement to calibrate the instrument.
100 pL of the particles was injected and analysed by DCS.

For dynamic light scattering (DLS), a Zetasizer Nano ZS
instrument (Malvern Instrument Ltd) was employed to study
the size distribution of the NPs. Briefly, 25 pL of the NP stock
was diluted to 1 mL with PBS buffer and measured.

The concentration of the NPs was measured by nanotrack-
ing analysis using a NanoSight LM10 instrument (Malvern
Instrument Ltd). Briefly, 10 pL of the NP stock was diluted to
1 mL with PBS buffer and measured. The samples were
measured for 60 s with manual shutter and gain adjustments.
Three measurements of each sample were performed for all
NPs. The mean size and SD values obtained using the NTA
software correspond to the arithmetic values calculated with
the values from all the particles analyzed by the software.

Polystyrene NP coated with transferrin (PS@Tf NP)

The PS@Tf NPs were prepared fresh before each experiment.
200 nm, 100 nm and 50 nm PS NPs (1 mg) were incubated
with Tf (64 nmol, 5 mg) in MES buffer (pH 6) on a shaker in
order to saturate the nanoparticle surface. After 1 h of incu-
bation at RT, the PS@Tf NPs were centrifuged at 10 000 rpm
for 40 min and re-suspended in fresh buffer to remove the
unbound protein. The NPs were washed two times with MES
(pH 6) and two times with PBS (pH 7.4). The particles were
finally re-suspended in PBS at a final concentration of
1 mg mL™". The NP concentration was determined by NTA
before and after the purification steps necessary to remove the
unbound Tf protein.

Protein determination: polyacrylamide gel electrophoresis
(SDS-PAGE)

The protein was denatured by boiling the samples for
5 minutes in a loading buffer (62.5 mM Tris-HCI (pH 6.8), 2%
(w/v) SDS, 10% glycerol, 0.01% (w/v) bromophenol blue,
40 mM DTT). The prepared samples, containing denatured
proteins coated with an SDS surfactant (which gives them a
negative net charge), were separated by size in the moiety of
porous 10% polyacrylamide gel (1D SDS-PAGE), in an electric
field using a Mini-PROTEAN Tetra electrophoresis system from
Bio-Rad.

SDS-PAGE (sodium dodecyl sulfate polyacrylamide electro-
phoresis). For two running gels: 10% SDS-PAGE gel was
precast fresh before each experiment as 5.4 mL of Milli-Q®
water, 2.5 mL of 1.5 M Tris-HCI buffer (pH 8.9) and 0.1 mL of
10% SDS are mixed well and to them 1.8 mL of 40% acryl-
amide and 5 pL of TEMED are added and the solution is
mixed again. As an initiator, 50 pL of 10% ammonium per-
sulfate is added. The gel solution is poured in the frame to
polymerize. Stacking gels (4%) are made up with 0.5 mL acryl-
amide, 1.26 mL 0.5 M Tris-HCL buffer (pH 6.8), 50 pL 10%
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SDS, 3.18 mL Milli-Q® water, 25 pL APS (10%) and 5 pL
TEMED and added on top of the running gels.

The electrophoresis was run under a constant voltage of 150
V for about 45 minutes. The gels were stained with 2D Silver
Stain II reagents (Cosmobio Co., Ltd) and scanned under
white light using a G:Box Chemi XT4 (Syngene). Image] soft-
ware was used to analyse the images.

QCM binding analysis

The biosensor experiments were carried out on an Attana Cell
200 QCM biosensor (Attana AB, Stockholm, Sweden), which
consists of a dual channel, flow-through system, where the
running buffer is continuously flowed through the flow cell
over the sensor surfaces at a given flow rate and the sample is
introduced over the sensor surfaces using a six-way valve. The
continuous flow of the buffer over the sensor surfaces, and the
simultaneous measurement of the frequency allows for the
real-time measurement of the interaction between the analyte
in the buffer and the bio-macromolecule on the sensor sur-
faces. The two channels are referred to as channel A and
channel B, where A was used for monitoring the molecular
interaction and B served as a reference. Attana LNB-carboxyl
sensor chip surfaces were used in this study. The Attana Cell
200 instrument features a temperature control unit (4-40 °C +
0.1 °C). All the QCM experiments in this study were performed
at 22 °C.

Functionalization of Attana LNB-carboxyl chips with anti-Tf
antibody

Two Attana LNB-carboxyl sensor chips were docked in channel
A and channel B of the system and were allowed to stabilize in
PBS running buffer at 100 pL. min~". Then the flow rate was set
to 10 uL min~* and the surfaces were activated for 10 min with
a reagent mixture of EDC and sulfo-NHS. The monoclonal
anti-transferrin antibody to be immobilized, dissolved in
10 mM acetic acid buffer, pH 6.0 at 50 pg mL™", was thereafter
injected over the activated surfaces for a contact time of 5 min.
The remaining active groups on the surfaces were deactivated
with 1 M ethanolamine at pH 8.5. The immobilization of the
anti-transferrin antibody on the surfaces resulted in a fre-
quency shift of 160-200 Hz.

QCM sandwich assay

For biochemical assay, “sandwich” format assays were devel-
oped to count the functional epitopes on the surface of NP-Tf
complexes. The interaction of NPs incubated with Tf, with
mAb anti-Tf immobilized on the sensor surface, was carried
out in PBS at 10 uL, min~". Once the NPs were captured by the
functionalized surface of channel A, a solution of 100 pg mL™"
of mAb anti-Tf was injected twice on both channels.
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