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Abstract

A faithful characterization of nanomedicine (NM) is needed for a better understanding of their
in vivo outcomes. Size and surface charge are studied with well-established methods.
However, other relevant parameters for the understanding of NM behavior in vivo remain
largely inaccessible. For instance, the reactive surface of nanomedicines, which are often
grafted with macromolecules to decrease their recognition by the immune system, is
excluded from a systematic characterization. Yet, it is known that a subtle modification of
NM'’s surface characteristics (grafting density, molecular architecture and conformation of
macromolecules) is at the root of major changes in the presence of biological components. In
this work, a method that investigates the steric hindrance properties of the NMs’ surface
coverage based on its capacity to exclude or allow adsorption of well-defined proteins was
developed based on capillary electrophoresis. A series of proteins with different molecular
weights (MW) were used as molecular probes to screen their adsorption behavior on
nanoparticles bearing different molecular architectures at their surface. This novel strategy
evaluating to some degree a functionality of NMs can bring additional information about their
shell property and might allow for a better perception of their behavior in the presence of
biological components. The developed method could discriminate NM with a high surface
coverage excluding high MW proteins from NM with a low surface coverage that allowed high
MW proteins to adsorb on their surface. The method has the potential for further
standardization and automation for a routine use. It can be applied in quality control of NMs

and to investigate interactions between proteins and NM in different situations.

Keywords: Nanomedicine, capillary electrophoresis, characterization, surface coverage,
molecular probes

Abbreviations:

CE: capillary electrophoresis; CZE: capillary zone electrophoresis; DLS: dynamic light
scattering; ID: immunodiffusion; IE: immunoelectrophoresis; NM: nanomedicine; NP:
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oxide; pl: isoelectric point; RC: repellent capacity; SDS: sodium dodecyl sulfate.



. Introduction

The number of nanoparticle-based medicinal products that have reached clinical
development has increased over the last years [1-7]. This is a positive signal acknowledging
major general advances of nanomaterials clinical translation. However, several challenges
remain unanswered [2, 8-10]. Among them, the next important step in nanomedicine (NM)
development is expected to come from the comprehension of their interactions with
biological components encountered in vivo [11]. On this purpose, preliminary efforts are
needed to improve the physicochemical characterization of nanomaterials. Indeed,
incomplete or inappropriate characterization of important NMs’ parameters were identified
as critical points in project failures by actors involved in the development of NMs [12]. The
characterization has been pointed out as a hurdle that delays and still hampers the

development of projects involving nanomaterials [2, 11, 13-19].

Nanomaterials composing NMs include a wide range of components and their intended use
suits for many applications considering different routes of administration, hence facing
various delivery and safety challenges [2,20]. The precise knowledge of NMs’ characteristics
is an important process in the understanding of their biological activity and safety. This is also
needed for quality control analysis to ensure batch to batch consistency of NMs and evaluate
nano-similarity in generic version of NMs that has appeared on the market since 2013 [18]. A
therapeutic molecule can be characterized from its well-defined signature deduced from its
NMR spectra. In contrast, NMs are complex structures resulting from the combination of
multiple components. Their functional behavior including their biological activity and safety
depends on many parameters that are defined by fine-tuned of chemical and physical traits
for each application [18, 21]. Characterization of these nanomaterials is complex and
parameters to evaluate remains the subject of open discussions. They are often decided on a
case by case basis from discussion between companies and health authorities’ actors [9, 22-

25].

Today, properties such as size and surface charge are well controlled and validated to ensure
batch to batch consistency. On their own, they are not sufficient to warrant NMs’ functionality

hence in vivo fate reproducibility [19, 26, 27]. A short list proposed by Crist and McNeil [18]



from the National Characterization Laboratory of the National Institute of Health includes
“the level of surface coverage required for optimal biological performance”. The notion of
surface coverage includes the density, length, architecture and/or conformation of
macromolecules grafted on NM'’s surface. This parameter regulates the way nanomaterials
interact with proteins that is a major phenomenon occurring in vivo in biological fluids
containing proteins, with a tremendous impact on the functionality and the biological activity
of nanomaterials [28-36]. The importance of the understanding of the surface coverage of
NMs has also recently been highlighted in a work studying different macromolecular grafting
by Bertrand et al [37]. This suggests that characterization methods of the nanomaterial
surface coverage should reach the molecular level, degree of precision needed for the
intended use. So far, such evaluations require the use of highly specialized methods that are
not generally available [12]. To sum up, the characterization of surface properties has been
identified to be not optimal. Regulatory agencies emphasized the need for new methods on

this purpose [12, 19, 23, 26, 27, 38].

To answer this yet unaddressed need, the purpose of our work was to develop a method
evaluating the surface coverage of nanomedicines that can be implemented in a quality
control analytical cascade. Straightforward characterization of the density, architecture
and/or conformation of macromolecules grafted on NM’s surface and of the thickness formed
by the layer would be highly demanding and cannot be envisaged for a routine use. The
proposed method was based on an indirect approach investigating repellent capacities of the
NM surface coverage to the adsorption of a series of proteins having well-defined size
characteristics. In this method, the proteins served as molecular probes to explore the steric
exclusion capacity of the NM surface coverage assuming that a part of it is driven by steric
hindrance effect due to the surface coverage property [39]. Proteins taken as molecular
probes were chosen from several criteria including knowledge on their characteristics
(molecular weight, size through their hydrodynamic diameter, conformation) and their
availability as affordable marketed compounds at a high purity grade. The principle of the
method was based on the evaluation of the adsorption of individual proteins and the
establishment of a map of surface adsorption/exclusion assumed to reflect the surface
coverage property of the tested NM. The choice of proteins to probe surface properties of

NM was also consistent with their key role in mechanisms controlling the in vivo activity of



these compounds [37, 40, 41]. The proposed method was designed to provide a simple model
evaluating NM surface functionality that can be implemented in routine to be used in quality
control of NMs. It is noteworthy that the most relevant method to explore the surface
properties of NM would certainly consist on the determination of the protein corona that
identifies and quantifies all proteins that adsorbed on NM surface after incubation in plasma.
The profile of adsorbed proteins deduced from this analysis determines the so called
“biological identity” of the nanomaterial [42]. It is very sensitive to the surface coverage
properties of the nanomaterial and its determination raised interests to develop predictive
models for the in vivo behavior of NMs including their cellular uptake, stability and
biodistribution [41, 43-45]. The method would provide a screenshot of what happens after
NM'’s injection into the blood [41, 42, 46-48]. However, currently, methods allowing the
establishment of the protein corona are based on the most advanced techniques applied in
proteomic analysis using last generation liquid chromatography - mass spectrometry (LC-MS)
instruments. A high expertise is also needed to interpret the data [46, 47, 49]. The preparation
of samples prior to the proteomic analysis is based on many manipulations that may introduce
bias in the determination of the protein corona [50, 51]. These possibly disturbing steps might
be at the root of the major hurdles encountered for a clear correlation of predictive model
between synthetic identity, biological identity formed after administration and outcome of
NMs. Thus, it is unrealistic to use such a method at a large scale to characterize nanomaterials

on a routine basis for now.

The proposed method was designed to include two steps that can be easily implemented into
a high throughput and automated analytical method. They included an incubation of the NM
with a series of individual protein and the evaluation of the non-adsorbed fraction of the
protein using a general analytical method. A challenge was to choose an analytical method
that could be applied straightforward on the sample without pretreatment. Capillary
electrophoresis (CE) was selected consistently with its growing interest in studies dealing with
protein-nanomaterial interactions [52-56]. Thanks to its adaptability to different purposes, it
was assumed that it could be applied on samples without pretreatment. Another advantage
is the low sample consumption. This paper describes the different steps of the development
of the method and reports the evaluation of its potential to discriminate nanoparticles with

low and high protein repellent capacity of the surface coverage using a series of 5 polymer



nanoparticles designed with different densities, conformations and lengths of chains of

dextran grafted on their surface [29, 57-59].

Materials and experimental methods
1.1. Materials

Reagents and buffer components: Agarose, polyethylene oxide (PEO) (200,000 Da),

ammonium hydroxide, hexadimetrine bromide (Polybrene®), tricine, tris Base (Sigma 7-9°),
benzoic acid, sodium chloride and sodium dodecyl sulfate (SDS) were purchased from Sigma
(Saint-Quentin-Fallavier, France). Hydrochloric acid 1M and sodium hydroxide 1M were
supplied by Prolabo (Paris, France). Sodium dihydrogenophosphate monohydrate was
obtained from Carlo Erba (Val-de-Reuil, France). Calcium lactate, glacial acetic acid, coomassie
brilliant blue R-250 were supplied by Thermo Fisher Scientific (Villebon-sur-Yvette, France).
Gel-Fix™ for agarose (265x150 mm) was obtained from Serva Electrophoresis (Heidelberg,
Germany). All chemicals were of reagent grade and used as purchased. Water used during the

study was ultrapure water from a MilliQ® system (Merck, Fontenay-sous-bois, France).

Proteins and antibodies: Goat anti-human IgG, apo-transferrin from human plasma, human

immunoglobulin G and transthyretin from human plasma were provided by Merck (Fontenay-
sous-bois, France) with a purity > 95%. Aprotinin from bovine lung (purity = 80%), bovine
serum albumin (purity > 96%), insulin B chain from bovine pancreas (puritiy > 80%),
orosomucoid from human plasma (purity > 99%), ovalbumin from chicken egg white (purity >
98%), thyroglobulin from bovine thyroid (purity > 90%), fibrinogen fraction | type 1 from
human plasma (purity = 66%) and rabbit anti-bovine serum albumin were purchased from

Sigma (Saint-Quentin-Fallavier, France).

11.2. Experimental methods

11.2.1. Nanoparticles synthesis and characterization

Model nanoparticles made of poly-isobutylcyanoacrylate (PIBCA) and dextran were used in
this work. Three types of nanoparticles (NPs) were prepared according to the radical redox
emulsion polymerization method described by Bertholon et al. (R1, R2 and R3) [57]. Two types
of NPs were prepared via anionic emulsion polymerization method (A1 and A2) [57-60].
Agueous dispersions were obtained after purification by dialysis against water. NPs were then

characterized in terms of hydrodynamic diameter, zeta potential, concentration and



complement activation as previously described [29, 61]. Characteristics of the NPs are given

in table 1.

11.2.2. Sample preparation

All samples were prepared as follow prior to analysis. The tested protein (250 pug/mL) was
incubated with NPs in phosphate buffer (Sodium dihydrogenophosphate monohydrate:
21mM, adjusted to pH 7.4 with ammonium hydroxide). The final volume of incubation was
300 pL. NPs concentration was expressed in surface area (cm?/mL) and varied from 0 to 6000
cm?/mL for the investigation of adsorption trends. The concentration of NPs was then fixed
at 2000 cm?/mL for the shield-effect study. Samples were prepared in Eppendorf® Protein
LoBind tubes of 0.5 mL and incubated on a wheel at 30 rpm for 2 h 30 min at 25°C (room
temperature). At the end of the incubation, the sample was immediately analyzed by capillary
zone electrophoresis (CZE) or gel immunoprecipitation. The absence of aggregates was
studied by optical microscopy (microscope Olympus BH-2, magnification x 40) and dynamic
light scattering (DLS) (ZetaSizer Nano ZS 90, Malvern Instruments, Orsay, France) through the

measurement of NPs’ size and the autocorrelation function profile.

I1.2.3. Sample analysis

11.2.3.1.  Capillary zone electrophoresis analysis

A CE P/ACE MDQ system equipped with an UV detector (Sciex, CA, USA) was used to perform
all the CZE experiments. Peak analysis was performed with 32 Karat software. Free proteins
were detected and quantified by capillary electrophoresis using a UV detector at 200 nm.
Analysis were performed in a 50 cm (effective length) Polymicro Technologies™ fused silica
capillary, 50 um id x 360 um od, from Molex (Bievres, France). Three methods were used

depending on the isoelectric point (pl) of the protein. These methods are detailed in table 2.

CE electrolyte was Sodium dihydrogenophosphate monohydrate (21 mM in water), adjusted
to pH 7.4 with ammonium hydroxide or pH 3 with sodium hydrochloride depending on the
method used. PEO coating was prepared at 2 mg/mL in hydrochloric acid at 0.1 M. Polybrene®
was prepared at 2 mg/mL in water. At the end of each day of analysis, the capillary was rinsed
at 20 psi successively with NaOH 0.1 M (10 min) and water (20 min). Benzoic acid at 1 mg/mL

in water was used as migration marker in method 1.



11.2.3.2.  Gel immunoprecipitation

Rocket immunoelectrophoresis (IE) [62] was used to study BSA adsorption on NPs. Briefly, 13
mL of 1% agarose gel containing Rabbit anti-bovine serum albumin (0.07 mg/mL) and
prepared with tricine buffer as described previously [61] was casted at 50°Con a 10 x 7 cm
Gel-Fix™ film. 19 wells were formed and 5 pL of incubated samples were deposited.
Calibration samples ranging from 25 pg/mL to 250 pug/mL of BSA were also deposited on each

gel. They were submitted to electrophoresis (12 mA, 500 V) for 16 hours.

Radial immunodiffusion (ID) [63] was used to evaluate IgG adsorption on NPs. 11 mL of 0.7%
agarose gel made in tricine buffer previously mentioned containing Goat anti-Human IgG (10
pL) was casted at 50°C on a 8 x 10 cm Gel-Fix™ film. 20 wells were formed and 5 pL of
incubated samples were deposited. Calibration samples ranging from 25 pg/mL to 250 pg/mL
of 1gG were also deposited on each gel. They were left for migration in a humid chamber for

24 hours before drying and staining steps.

Gels were dried and stained with coomassie brilliant blue as described previously [46]. Then,

they were scanned and processed with ImageJ.

11.2.4. Data treatment and method precision

The amount of adsorbed protein onto NPs was deduced from the determination of free
protein fraction remaining in the sample after incubation. Protein adsorption was thus
monitored via the decrease of the free protein amount in the medium. This corresponded to
the area of the protein peak detected by CE-UV, to the height of the rocket for rocket IE and
to the area of the circle of diffusion obtained from Radial ID. %a4s, the % of adsorbed protein

was then calculated as described in Eq.1:

(Acontrol - Asample) "

%0ads= 100 (Eq1)

Acontrol

with Acontrol cOrresponding to the value of area (or height) obtained for the protein injected at
250 pg/mL after 2 h 30 min of incubation without NPs and Asample the value obtained for the

protein detected in the tested sample after incubation with NPs.

The linearity of response to protein detection was assessed by a calibration curve established
for each capillary coating (PEO and Polybrene®) using BSA and IgG respectively. The protein
concentration of the calibration curves ranged from 25 pg/mL to 250 pug/mL (25, 50, 100, 150,



200 and 250 pg/mL). The linearity was evaluated in terms of correlation coefficient (R?) of the
calibration curves. The precision of the CE methods was tested in terms of detection and
quantification of proteins. Repeated injection of BSA and IgG at 250 ug/mL were made in order
to evaluate their inter-day (intermediate precision) and intra-day (repeatability) variations.
These parameters were evaluated through relative standards variations (RSDs) of the area and
migration times of protein peaks. Due to the similarity between methods 2 and 3, the results
of performance of I1gG obtained for method 2 were acknowledged to account for method 3

too.

1.2.5. Principal component analysis

A principal component analysis (PCA) was carried out using SAS 9.4 and JMP Pro 13. A total of
11 variables measured for the different types of NPs were used for this analysis (% of
adsorption of the nine proteins, size and zeta potential). The resolving power of the developed
CE method to characterize different surface coverages was graphically evaluated by a biplot

representation of the PCA, considering the explained variance (sum of eigenvalues).

lll. Results

l.1. Development of the method

111.1.1. Methods’ performance

CE methods were developed to study the adsorption of 9 different proteins onto NPs,
evaluating the capacity of the NPs to repel or allow adsorption of these proteins based on
shield properties of their surface coverage. This part aimed to demonstrate (i) the methods
suitability to separate the fraction of free protein from NPs contained in the sample as well as
(ii) the linearity of response as the function of protein concentration and (iii) the ability to

perform a precise quantification of the free proteins.

(i) CE conditions to achieve a separation between free proteins and NPs were adapted
according to the pl of the proteins, which determined their charge relatively to the pH of the
CE electrolyte. Three methods were needed to separate free proteins from NPs, considering
the 9 proteins probes used in this work. The behavior of the NPs observed in the different
methods, i.e. migration of NPs before or after the protein peak, could be explained by the

different coatings used in the capillary.



Method 1: For negatively charged proteins at working conditions (pl of the protein < 7: insulin
B chain, orosomucoid, ovalbumin, transthyretin (TTR), BSA, apo-transferin and thyroglobulin),
a neutral coating of PEO was used in order to limit adsorption of proteins on the bare silica
capillary wall. This led to a negligible electroosmotic flow (EOF) (near zero) and a migration
depending mainly on the electrophoretic mobility of the entities (uep) [64] (Fig. 1B and 1C, left).
This explained the migration of proteins towards the anode (positive pole) while NPs were

only flushed during the washing step due to their negligible pep value (Fig. 1A left).

Methods 2 and 3: For positively charged proteins analysis (aprotinin and 1gG), a cationic

coating of Polybrene® was used (Fig. 1B, right). Electrophoretic mobility of positive proteins
was directed to the cathode (negative pole) and the electroosmotic flow was directed to the
anode (positive pole), reducing thereby the migration time of the proteins (Fig. 1C, right). It also
allowed a separation between NPs and proteins which migrate slower to the anode (Fig. 1A,

right).
CE conditions were related to the pl of the protein as described in table 2.

(ii) The linearity of protein quantification was assessed by calibration curves performed using
BSA (method 1) and I1gG (methods 2 and 3) as model proteins for the two types of coating.
Calibration points were measured at 25, 50, 100, 150, 200 and 250 pug/mL for both proteins.
Good correlation coefficients of calibration curves were obtained for both proteins using

protein peak area (R?= 0.998 for BSA; R?= 0.995 for IgG).

(iii) The inter-day fidelity and intra-day repeatability of the methods were tested by
measurements of protein areas and migration times for BSA and 1gG. Results shown in figure
1D indicated good RSDs for the different methods. As an example, for area measurement, the
RSDs obtained for inter-day fidelity were 7.2 % and 4.7 % for BSA and IgG respectively. RSDs
obtained for intra-day repeatability injections were 5.0 % and 5.1 % for BSA and IgG

respectively.

111.1.2. Optimal NP/protein ratio determination

The purpose of this part was to identify a NP to protein ratio that could be used to characterize
the adsorption of a protein onto a NP and suitable to discriminate NPs depending on their
surface coverage properties. This ratio should allow for a representative evaluation of NPs’

repellent power towards adsorption of the tested protein. This optimal ratio was determined



from adsorption trends that were investigated with 2 proteins: BSA and IgG. These two
proteins were chosen because they displayed two significantly different molecular weights
(66 kDa and 150 kDa respectively), giving a first idea of the NPs’ response to probes. This
choice was also consistent with the development of the method as BSA could be detected
with method 1 and IgG with method 2. The study was carried out using increasing
concentrations of NPs (expressed in cm?/mL) incubated with a constant concentration of
protein (250 pg/mL). The percentage of adsorbed protein as a function of the surface of NPs
present in the incubation medium was determined using the corresponding CE method. The

adsorption profile of the 2 proteins was investigated on the five NPs.

A strong adsorption of both BSA and IgG was observed on NPs Al, A2 and R3 (cf. Fig.2 left
part). The results highlighted that a surface concentration of 2000 cm?/mL of NPs was enough
to adsorb almost all proteins present in the incubation medium while the adsorption of the
protein on NPs R1 and R2 was much lower. For the latter, the adsorption was not proportional
to the amount of NP introduced. For instance, with NPs R1, the amount of IgG adsorbed
increased until it reached a plateau near 60% of adsorption whatever the amount of NP
present in the sample. Therefore, we performed experiments with a NP surface concentration
of 2000 cm?/mL and protein at 250 ug/mL. The obtained results allowed a first ranking of the
NPs into two groups. One with a high protein adsorption onto NPs (A1, A2 and R3) and another

group that seems to exclude the studied proteins (R1 and R2).

Results and conclusions drawn from determinations achieved using the CE methods were
confirmed by performing protein determinations using rocket gel electrophoresis according
to Laurell’s rocket IE method for BSA and by Mancini’s radial ID for IgG. Results were depicted
in figure 2 (right part). An example of analysis with each gel method was presented in
supplementary information (S1 and S2). The consistency of the results obtained from the
different methods used to evaluate the free fraction of proteins suggested that the high
voltage applied in CE did not introduce any bias.

ln.2. Application of the method to evaluate surface coverage of NMs through the

shield-effect towards protein adsorption

The adsorption of 9 proteins was tested on the five NPs. The main properties of the proteins
selected to probe properties of the nanoparticle surface coverage were reported in table 3.

They mainly differed from their size, charge, overall hydrophobicity and only slightly from their



shape which was generally globular. Adsorption of these proteins was studied incubating 250
pg/mL of protein with 2000 cm?/mL of NP as previously determined to discriminate NPs
allowing high or low adsorption of a given protein. Direct visual observation and optical
microscopy confirmed that neither protein nor NP aggregation occurred during incubation.
Additionally, size obtained by DLS as well as autocorrelation curves showed no traces of
aggregation in samples after incubation (example of data shown in supplementary

information S3).

Raw data giving the percentage of adsorption of each protein on the different NPs were
plotted on figure 3A. Typically, small proteins massively adsorbed on all types of NPs (Insulin
chain B, aprotinin). Adsorption of medium sized proteins (from 44 kDa to 55 kDa) on the five
types of NPs was generally low. A marked difference in the adsorption behavior of proteins
on the 5 types of NPs can be highlighted with proteins of the larger size (apo-transferrin, IgG,
thyroglobulin). These proteins were totally adsorbed on NPs A1, A2 and R3 while they showed
only a low adsorption on NPs R1 and R2 suggesting that they were repelled from the surface
of these NPs. These results were emphasized from the adsorption heatmap drawn from the
raw data where dark blue represents a strong adsorption (Fig. 3B). This representation clearly
emphasizes the difference of behavior between Al, A2, R3 NPs and R1, R2 NPs, showing a
global decreased adsorption on R1 and R2. Results were consistent with those that could be
expected considering the difference in the architecture and density of the dextran chains
grafted on the surface of the NPs used as models in the present study. Radical redox
polymerized NPs (especially R1, R2) showed a lower adsorption profile than anionic
polymerized NPs (A1 and A2). The influence of the density of grafting was also revealed by the

difference of adsorption observes between R1 (dense brush 1.3%) and R3 (loose brush 0.5%).

Adsorption data were then expressed as the NPs’ surface area non-accessible to protein. It
was called percentage of repellent capacity (%rc). This is in fact the part of the NP where the
repellent capacity (RC) is enough to prevent the accessibility of a given protein. All results of
RC obtained allowed to conclude about a global degree of surface coverage of the considered
NP. On this purpose, the number of adsorbed protein molecules (Nprot) was first deduced from

the % of protein adsorbed (%ads) thanks to the following equation.

%ads*Cprot*Vsample* Na

100 * MW (Eq. 2)

Nprot:



where Cprot is the initial protein concentration (in g/L), Vsample is the total volume of sample (L),
Na is the Avogadro constant (Na= 6.022140857*1023 mol') and MW the molecular weight of

the considered protein (g/mol).

Then, the estimated surface area occupied by these adsorbed protein molecules (Sprot, in NmM?)
was calculated using the hydrodynamic diameter of the molecules depicted in table 3 (Dh, in

nm):
Dh.,
Sprot = Nprot * 4 * TU * (7) (Eq 3)
From this value obtained in Eq.3, %rc was calculated:

%orc=(1—-22)+100 * (Eq.4)

with Snp the total surface area of NPs in the incubation medium (nm?). Snp was calculated from
the number of NPs in the medium and their hydrodynamic radius, as described in a previous

work.®

Twhen Sprot > Snp, %re Was set by default to 0%. This case corresponded to a possible multilayer

adsorption of proteins on the NP surface.

The % of repellent capacity was plotted on figure 4A with the corresponding heatmap
presented on figure 4B. Although no difference between the NPs can be depicted from the
data obtained with the smallest proteins (Insulin B chain and aprotinin) that could fully cover
the surface of all NPs, a very clear difference in repellent capacity can be highlighted from the
data of the adsorption of the larger proteins (MW > 44 kDa). The heatmap clearly depicts a
series of NPs keeping a surface area non-accessible upon incubation with large proteins (R1
and R2), whereas the other NPs showed a high tendency to be almost fully covered with large

proteins.

3. Principal component analysis of protein adsorption

A PCA was performed from the data of adsorption of the nine protein probes on the five NPs,
the size and zeta potential of NPs (see Supplementary information, Table S4). The aim was to
characterize nanoparticle surface with regard to their adsorption of the nine proteins. In this
study, only the characteristics that could be obtained in routine were taken into account, i.e.

the size and potential zeta of NPs, combined with the newly determined % adsorption of the



nine proteins. Data of adsorption were expressed through new orthogonal variables called
principal components (PC). The first two principal components could explain 74% of the
variance (cf Fig. 5A). The pattern of similarity was then depicted on a biplot (cf Fig. 5B). In this
plot, the five NPs were placed according to coordinates on PC1 and PC2. We could distinguish
two main groups of NPs again with the PCA. NPs R1 and R2 were clearly negatively correlated
with PC1, while NPs A1, A2 and R3 were positively correlated to it. As pointed out in the biplot,
PC1 is mainly dependent on the % of adsorption of most proteins, which seems to be
discriminant for NP characterization in our study. This is the first time that a method was able

to provide a direct information on the capacity of a NM surface to repel a series of proteins.

Then, we can distinguish according to PC2 a difference between NPs Al, A2, R2 and R1, R3.
This component is mainly driven by the size of NP and the tendency to adsorb aprotinin, which
is globally weak but surprisingly a bit higher for NPs R1 and R3. These data confirmed that size
and surface curvature are not sufficient by themselves to explain adsorption of proteins.
However, the macromolecular grafting appears to be decisive for such interactions. This ACP
study confirmed the ability of the proposed method to characterize NP surface coverage by

studying their capacity to prevent adsorption of protein probes.

Discussion

A CE method was developed to quantify the amount of free protein in samples incubated with
NPs to evaluate a new parameter characterizing NMs’ surface, the surface coverage. In some
degree, this parameter is a measure of the functional behavior of NMs. The method is based
on studying adsorption of a series of well define proteins on NMs using standardized
conditions assuming that adsorption is allowed or hindered depending on NMs’ surface
coverage property. The map drawn from the adsorption fate of each protein of the series was
assumed to provide with an objective evaluation of the nanoparticle surface property
regarding its interactions with proteins. This method was developed to answer the need for
new methods of characterization of NMs’ surface. Choices, including the use of CE, were made
to provide with a method that could be easily implemented for routine analysis. In general,
the mode of CE to be used to perform analysis is chosen depending on the kinetics of the

studied interaction, here interactions leading to protein adsorption onto NPs. Fast association-



dissociation systems are studied by affinity capillary electrophoresis (ACE), Hummel Dreyer
method, or frontal analysis capillary electrophoresis (FACE). On the contrary, slow kinetics of
interactions are studied via capillary zone electrophoresis (CZE) or FACE [52, 54, 56]. In our
model, determination of the amount of free protein remaining in the sample was achieved
after incubation with NPs during 2 h 30 min to reach the equilibrium, according to a slow
kinetics of interactions. CZE was then selected using the non-equilibrium capillary
electrophoresis of equilibrium mixtures (NECEEM) [65]. This mode is easy-to-use and allows
protein quantification directly from the evaluation of the peak area. The technique presents
other advantages: (i) a low consumption of sample, (ii) a separation and determination of the
amount of free proteins without any need of pre-treatment of the sample which contains both

proteins and NPs, and (iii) its automatability.

The optimal duration of incubation was determined through a kinetics study of BSA adsorption
onto NPs (data not shown) and was consistent with previous works optimized with these NPs
[39, 58, 66]. As the kinetics of association and dissociation were slow and the equilibrium
reached after a period of incubation of 2 h 30 min, we hypothesized that acidic conditions
employed during the short duration of the CE separation in method 2 (pH = 3) was not
detrimental for the equilibrium of adsorption. This assumption was supported by a prior study
made on the comparable NP-protein system, where adsorption equilibrium showed no major
modification in a short period upon a pH modification [66]. The three methods could be used
to investigate the adsorption of nine proteins on five types of NPs used as models. The
precision of the method was verified in terms of intra-day and inter-day repeatability. The
results included the deviation due to the different preparations of the samples, as a new
sample was prepared and incubated for each inter-day determination. It was also verified that
the results obtained by CE were not biased due to the high voltage used during analysis. The
similar results obtained using two other methods of evaluation of free proteins in the same
samples acknowledged that our CE methods could determine the amount of free proteins in
samples containing NPs, without need to remove NPs prior to analysis. An optimal ratio
between the concentration of protein and NPs was determined from adsorption trends
established with two proteins. It was selected in order to discriminate different responses to
protein adsorption between NPs. A high surface coverage of NPs allowed a low adsorption

profile of proteins while those bearing a low surface coverage allowed a high adsorption of



proteins. The CE methods were then applied to screen the adsorption of the 9 different
selected proteins on the five types of NPs after incubation at the previously selected ratio. The
five types of NPs could be classified in two groups based on the obtained raw data of
adsorption. The proposed method could discriminate NPs with surfaces accessible to the
larger proteins from NPs which surface properties seemed to exclude these proteins. These
raw data took into consideration the difference in size between NPs because their
concentration was expressed in surface area/mL. However, they did not take into account the
difference in size of the proteins. Considering this parameter, the amount of surface occupied
by the adsorbed proteins on the NP surface was calculated and in turn the amount of NP
surface that remained free of adsorption. This last parameter can be viewed as the repellent
capacity of the NP creating an efficient shield-effect against the adsorption of a given protein.
The degree of surface coverage was then estimated from the results of repellent capacities
obtained with the 9 proteins. We could distinguish NP with a high surface coverage, showing
a high repellent capacity for large proteins (NPs R1 and R2). On the contrary, NPs showing a
low repellent capacity for most proteins were qualified as bearing a low surface coverage (A1,

A2 and R3).

The difference was confirmed with the data representation of the RC which even emphasized
the fact that the surface of NPs A1, A2 and R3 were almost fully accessible to tested proteins
whatever their size. These observed behaviors were consistent with the results expected from
surface characteristics shown by our model NPs (table 1). The dense brushes present on R1
and R2 repelled large proteins while loose R3 brush as well as loops conformations of A1 and
A2 allowed the adsorption of these large proteins. These critical parameters have also been
identified in recent studies, were both chain length and density were strongly involved in the
steric repulsion of molecules [30, 37]. It is worth noting that it is impossible to predict NPs
behavior with proteins considering current usual parameters assessed in routine, namely NP
size and potential zeta. This is illustrated considering NPs R1 and R3. They are very similar in
terms of their size and zeta potential (respectively 286 nm and -4 mV for R1; 281 nm and -5
mV for R3) but the new method has revealed a very different behavior on their surface

repellent properties based on protein adsorption evaluation.

Raw results were confronted to a PCA in order to extract a clear view of NPs’ ranking as a

function of the main components representing the higher part of explained variance. The PCA



allowed to separate two clusters, distinguishing NPs having a high surface coverage property
against NPs with a lower protein repellent power due to their surface architecture. This
analysis confirmed the ability of the method to evaluate surface coverage of different NPs in

a quality control approach.

These results demonstrated the interest of the present approach to assess a new parameter
characterizing a surface property of NMs that is linked to their functional behavior. The
method that is based on the simple monitoring of protein adsorption in very well-defined
conditions can be further standardized. It can also be fully automatable being a suitable

candidate to be used in quality control.

IV. Conclusion

The method developed in the present work provides a tool to access a new characteristic of a
NM, its surface coverage property. This parameter is critical for the functionality of the NM as
it controls protein adsorption phenomena that define in vivo fate, activity and safety. The use
of CE allows direct analysis of samples without pre-treatment steps. The method can be
standardized. It is based on well-established experimental conditions and uses molecular
probes that are marketed as pure proteins. Being automatable, this CE method is also
attractive for a systematic analysis of NMs. Results produced by this method could be of
paramount interest in the future as analytical method to perform quality control analysis of
NMs. Besides, the method can be used to set up models to study various phenomena linked
to protein adsorption on NMs. For instance, competitions between proteins during adsorption
could be studied adding more than one protein in the incubation medium. Capacity of one
protein to displace another already adsorbed on the surface of NM could also be assessed
setting up appropriate experimental conditions of sample preparation. The method is suitable
to investigate these phenomena including their kinetic aspects. Overall, the method
developed in this work proves the potential for assessing key properties of NP surface

functionality linked to its molecular design that could not be characterized so far.
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NPs Hydrodynamic Zeta potential Concentration Shell configuration Complement activation Schematic
diameter * (nm) ** (mV) *** (mg/mL) (density, length) [57-59] (pathway) [29-61] representation
Dense long brush
R1 286 -4 38 (1.3%, 66kDa) No
Dense short brush .
R2 208 -10 44 (1.3%, 17kDa) Yes (Alternative)
Loose long brush Yes (Classical, lectin and
281 - 47
R3 8 > (0.5%, 66kDa) alternative)
Loose Loops Yes (Classical and
Al 88 > 37 (1.3%, 66kDa) alternative)
Tight Loops Yes (Classical and
A2 159 4 13 (1.3%, 66 kDa) alternative)
*by dynamic light scattering (DLS) ; **by electrophoretic light scattering (ELS) ; ***by gravimetry.

Table 1: Characteristics of the NPs used in this study.




Method 1: pl <7 Method 2: 7< pl < 8 Method 3: pl > 8
Rinse: Water —2 min — 20 psi
Rinse: HCl 1 M — 5 min — 20 psi Rinse: NaOH 0.1 M =5 min — 20 psi
1°) Capillary
conditioning Rinse: Coating PEO — 5 min — 20 psi Rinse: Coating Polybrene® — 5 min — 20 psi
Rinse: Electrolyte Phosphate pH 7.4 — Rinse: Electrolyte Phosphate pH 3 — Rinse: Electrolyte Phosphate pH 7.4 —
> min =20 psi 5 min —20 psi 5 min —20 psi
Sample Injection: Hydrodynamic injection — 5 sec — 0.5 psi
2°) Sample
analysis Separation: Electrolyte phosphate pH Separation: Electrolyte phosphate pH Separation: Electrolyte phosphate pH
7.4 — 20 min — 25 kV — Reverse polarity | 3 —20 min — 20 kV — Reverse polarity 7.4 — 20 min — 20 kV — Reverse polarity
Rinse: Water —2 min — 20 psi
3°) Capillary | o ce: NaOH 1 M — 3 min — 20psi Rinse: SDS 50 mM — 3 min — 20 psi
washing
Rinse: Water —2 min — 20 psi

Table 2: Conditions of CE methods used for protein detection with pl < 7 (method 1), 7 < pl < 8 (method 2) and pl > 8 (method 3).




. MW Dh size Cristallographic % Charged Carbohydrate | Protein shape
Protein PDB (kDa) pl a.a number (nm) size (nm) GRAVY residues** % (not at scale)
. Globular
Insulin B 4IHN 35 5.3 30 <27% | 37x26x24% | 0303 242 No o
chain ”f\_‘j
Globular
Aprotinin 3LDJ 6.5 10.5 58 3.26 34x27x27* | -0.479 10+ ; 4- No § _
Globular
Orosomucoid | 3KQO 44.1 2.8 183 73% | 46x45x4.0* | -0.764 22+; 30- 45% © =y
Globular
Ovalbumin 10VA 44.3 4.6 385 5.6 68 7x3.6x3°% -0.006 35+ ; 47- 3.5% "° w
Ovoid
Transthyretin | 4TLT 55 | 46-49 | 08(127x4 g7 6.9x55x4.8*% | -0274 | 12+;17- No o
subunits) : ﬁ;
Globular
BSA 4F5S 66.4 4.8 583 7.77 14.1x4.2x4.27 -0.475 82+; 99- No %
M
Globular
Apo 2HAU 80 5.8 679 737 | 75x75x7.4 | -0411 | 84+:87- 5.9% 7 &
Transferrin B
Y - sh
1344 (457 - shaped
Human IgG 1HZH 150 6.6-7.4 heavy x 2 ; 10.6 ®® 14.5x8.5x47° -0.483 | 144+;122- 3% 7° b
(215 - light x2) g
Thyroglobulin | P01267 | 669 45 55?&&?3’ 2| 4727 n.d -0.257 | 510+ ;592- 10% 78 n.d

Table 3: Summary of the characteristics of tested proteins for the shield-effect study. PDB: Protein Data Bank reference, MW: Molecular weight,
pl: isoelectrical point, a.a number: number of amino acids in the protein sequence, Dh size: Hydrodynamic diameter, GRAVY: Hydrophaticity, n.d:
not determined. *determined with Jmol **determined via Expasy Protparam tool.



Legends of figures

Figure 1: Precision and principles of separation of NPs and free proteins by the developed CE methods.
A: Electrophoregrams obtained for negatively charged proteins at pH 7.4 (Method 1 — left) and
positively charged proteins (methods 2 and 3 —right). Peak 1: migration marker, peak 2: protein, peak
3: NPs. B: Principle of separation of the mixture free proteins/ NPs according to the capillary coating.
C: Explanation of migration behavior taking into account electrophoretic mobility (ue) and
electroosmotic mobility (peo). D: Performance of the methods in terms of linearity, intermediate
precision and repeatability.

Figure 2: Adsorption trends for BSA and IgG adsorption onto the five NPs evaluated by CE (left
part), rocket IE (upper right) and radial ID (lower right).
Al (@), A2 (m), R1 (a), R2 (v) and R3 ().

Figure 3: Shield-effect study: A- % of adsorption of the 9 tested proteins on the five type of
NPs. B- Heatmap representation of protein adsorption on the five types of NPs (White: 0% to
dark blue: 100% of protein adsorbed).

Figure 4: Shield effect study: A- % of repellent capacity of NPs after incubation with the different
proteins. B- Heatmap representation of NPs repellent capacity after incubation with the different
proteins (White: low RC (0%) to dark red: high RC (100%)).

Figure 5: Principal component analysis of protein adsorption data obtained from the analysis
of 9 proteins on the 5 model NPs. A: Explained variance of principal components. B: biplot of
NPs score and factors loadings according to PC1 and PC2.
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S1: Determination of BSA adsorption on NP A1l via rocket
immunoelectrophoresis

BSA adsorption - Rocket IE
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Figure S1: (A) Rocket immunoelectrophoresis gel of BSA adsorption onto nanoparticle Al.
1-10 represents the calibration samples of BSA: 25 ug/mL (1), 50 pug/mL (2), 75 pug/mL (3),
100pg/mL (4), 125 pg/mL (5), 150 pug/mL (6), 175 pg/mL (7), 200 pg/mL (8), 225 pg/mL (9),
250 pg/mL (10).

a-g represents the free BSA remaining after incubation with Al at different surface
concentrations: 500 cm?/mL (a), 1000 cm?2/mL (b), 2000 cm?/mL (c), 3000 cm?/mL (d), 4000
cm?/mL (e), 5000 cm?/mL (f), 6000 cm?/mL (g).

(B) Corresponding trend of adsorption of BSA on nanoparticle Al.



S2: Determination of IgG adsorption on NP R2 via radial
immunodiffusion

lgG adsorption - Radial ID
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Figure S2: (A) Radial immunodiffusion gel of IgG adsorption onto nanoparticle R2.

1-10 represents the calibration samples of 1gG: 25 pg/mL (1), 50 pug/mL (2), 75 pg/mL (3),
100pg/mL (4), 125 pg/mL (5), 150 pug/mL (6), 175 pg/mL (7), 200 pg/mL (8), 225 pg/mL (9),
250 pg/mL (10).

a-g represents the free IgG remaining after incubation with R2 at different surface
concentrations: 500 cm?/mL (a), 1000 cm?/mL (b), 2000 cm?/mL (c), 3000 cm?/mL (d), 4000
cm?/mL (e), 5000 cm?/mL (f), 6000 cm?/mL (g).

(B) Corresponding trend of adsorption of IgG on nanoparticle R2.



S3: Verification of the absence of aggregates upon NP-proteins
incubation

Sample Positive aggregation control
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Figure S3: example of aggregation control made on NP A2 after incubation with Apo-
Transferrin (left part) compared to a positive control of an aggregated sample of A2 after
incubation with fibrinogen (right part).

(A) Verification of the absence of visible aggregates

(B) Optical microscopic verification of the absence of aggregates

(C) Measurement of NP size by dynamic light scattering (DLS)

(D) Autocorrelation curve of DLS measurement



S4: Data of characterization and adsorption for PCA

Adsorption % of protein probes on NPs

Nanoparticle Size (nm) Zeta potential (mV) Insulin B chain Aprotinin Orosomucoid Ovalbumin Tranthyretin BSA Apo-Transferrin 18G Thyroglobulin

57.23 53.25 5.42 4.63 24.45 20.5 29.21 40.42 39.63

R1 286 -4 56.52 61.8 4.77 7.64 28.58 15.8 35.2 41.87 36.36
55.94 54.72 5.74 6.27 23.21 13.3 29.91 40.8 43.21

64.14 53.47 2.52 24.72 26 354 16.21 20.68 24.28

R2 208 -10 61.21 49.63 7.68 22.17 23.24 30.4 24.55 21.53 31.69
64.33 38.93 3.04 15.23 25.33 32.9 18.61 16.51 48.75

100 57.91 32.02 40.86 21.26 65.8 92.46 100 70.56

R3 281 -5 100 61.62 29.09 40.93 23.08 66.3 92.36 100 67.3
100 57.3 27.5 36.68 19.34 68.6 96.99 100 70.08

81.98 52.02 35.8 25.17 343 76.4 79.98 100 80.12

Al 88 -5 82.3 48.75 30.79 25.39 32.33 68.7 79.72 100 79.98
82.44 49.03 343 22.39 29.95 73 79.85 100 83.19

69.11 54.94 32.52 36.54 21.64 62.5 96.04 100 54.93

A2 159 -4 68.38 41.45 32.27 37.96 19 62.1 97.24 100 58.6
67.46 44.62 34.94 38.73 24.38 71.4 100 100 55.5

Table S4: Data used for principal component analysis. Values of hydrodynamic diameter (nm) and zeta potential of the five NPs. Values of
adsorption of the nine protein probes on the five NPs made in triplicate.



