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Abstract: Biomedical applications of nanoparticles require a fundamental understanding of their in-
teractions and behavior with biological interfaces. Protein corona formation can alter the morphology
and properties of nanomaterials, and knowledge of the interfacial behavior of the complexes, using
in situ analytical techniques, will impact the development of nanocarriers to maximize uptake and
permeability at cellular interfaces. In this study we evaluate the interactions of acrylamide-based
nanogels, with neutral, positive, and negative charges, with serum-abundant proteins albumin,
fibrinogen, and immunoglobulin G. The formation of a protein corona complex between positively
charged nanoparticles and albumin is characterized by dynamic light scattering, circular dichro-
ism, and surface tensiometry; we use neutron reflectometry to resolve the complex structure at the
air/water interface and demonstrate the effect of increased protein concentration on the interface.
Surface tensiometry data suggest that the structure of the proteins can impact the interfacial properties
of the complex formed. These results contribute to the understanding of the factors that influence the
bio-nano interface, which will help to design nanomaterials with improved properties for applications
in drug delivery.
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1. Introduction

Progress in nanotechnology has led to the development of nanoparticles (NPs) with
a wide range of applications in sensing [1], catalysis [2], and nanomedicine [3]. The use of
nanomaterials as drug delivery systems, in particular, offers potential advantages such as
improved stability and solubility of drugs [4], promoted drug transport across membranes [5],
and site-specific targeting of therapeutics [6]. However, the application of NPs in clinical
settings remains challenging, due to the potential issues with their long-term toxicity [7],
and interactions with biomolecules such as proteins [8,9], lipids [10,11], sugars [12], and
oligonucleotides [13]. In particular, protein corona formation has been shown to alter the
morphology and structure of NPs, impacting on bioavailability [14,15], toxicity [16,17], and
targeting [18–22], all factors that can affect their applications. However, recent data have
highlighted how protein corona formation can also be tailored to become an advantage. Kim
et al. modified the chemistry of DNA nanostructures to form an apolipoprotein-enriched
protein corona, able to target liver tissue for the treatment of fibrosis [23]. Mosquera et al.
used an external stimulus to control protein corona formation on gold NPs, to influence their
cellular internalization in vitro [14]. Moreover, the study of nanoparticle-protein interactions
has led to interesting applications in the development of sensors [24]. Thus, understanding
how the chemistry and morphology of nanomaterials can be used to control the formation of
protein corona is essential for developing successful applications.
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Studies of protein corona formation have traditionally involved the isolation of NPs-
protein complexes prior to analysis [25,26], resulting in only the strongest interactions being
evaluated, using a broad range of analytical techniques [27]. This is often referred to as the
hard corona. Although the data acquired by this approach is very useful, especially know-
ing the composition of the proteins involved in the complex, it has been demonstrated that
the necessary isolation step often results in the alteration of the structure and composition
of the complex [28,29]. There is considerable interest now in studying the phenomena of
protein corona formation in greater depth, focusing in particular on the weaker interactions
occurring in the solution between the NPs and proteins. When evaluating the isolated
complex, very limited data can be obtained on the weaker NPs-protein associations occur-
ring in the solution; recently these interactions have been shown to play an important role
in influencing the morphology and structure of the outer layer of the complexes [30–32],
hence impacting the outcome of any applications, especially in diagnostics and in vivo.
The characterization of these phenomena is now a priority; to understand the behavior of
NPs, and the use of different analytical approaches is important.

Recently, the focus has been on techniques that allow the evaluation of the complex
formation in the solution (‘in situ’ techniques), such as dynamic light scattering (DLS) [33],
isothermal titration calorimetry (ITC) [34], fluorescence correlation spectroscopy (FCS) [35],
fluorescence quenching [36], nuclear magnetic resonance (NMR) [37], electron microscopy
techniques [38,39], super resolution microscopy [40,41], small-angle neutron scattering [42],
and dark-field microscopy [43,44]. Some interesting results have been reported, although
the complexity of the mixtures still limits the information available with a single method.
Recently, the use of drop analysis to measure changes in the interfacial behavior of silica NPs
with bovine serum albumin (BSA) was reported [45], although it provides lower sensitivity.

There is a growing interest in broadening the range of techniques used for the char-
acterization of protein corona, in particular its impact on the interfacial behavior of NPs.
This is important, in view of all the applications requiring the interactions of NPs with
biological interfaces, such as membranes and cell surfaces [46]. Surface force tensiometry
is an analytical technique that allows the study of interfacial properties of colloidal solu-
tions; we have used it extensively to characterize the behavior of N-isopropylacrylamide
(NIPAM)-based nanogels.

Polymeric organic nanogels are widely studied as drug delivery platforms thanks to
their colloidal stability, biocompatibility, efficient drug uploading and potential for stimuli
responsive behaviour [47–49]. Our group has studied the structure and conformation of
cross-linked NIPAM nanogels with a size of around 10 nm, and their potential applications
in sensing [50,51], and drug delivery [52,53]. We reported our findings on the role that
rigidity plays in influencing their assembly at the air/water interface [54], and how inter-
actions with lipid mono- and multi-bilayers can impact their interfacial behavior [55,56].
Investigations of protein corona have primarily focused so far on large organic NPs, such as
polystyrene [57], liposomes [58], and PLGA particles [59], or smaller inorganic ones, such
as gold NPs [36,60]; however, as the physico-chemical properties of materials change with
size, there is a clear need to characterize the protein corona of small polymeric NPs such as
nanogels, to support their biomedical applications, especially as drug delivery systems.

In this paper, we present our study on the characterization of the in situ complex for-
mation between acrylamide-based nanogels, neutral and charged, and proteins, including
BSA, fibrinogen (Fib), and immunoglobulin G (IgG). These proteins are found in a rela-
tively high concentration in plasma and represent major constituents of the protein corona
of liposomes [61], polystyrene NPs [57,62], silica NPs [63], and metal-based NPs [64,65].
We initially evaluated the complex formation between BSA and the nanogels using DLS,
circular dichroism (CD), and surface tensiometry. The structure of the complex at the
air/water interface, mimicking the bio-nano interface, was resolved by neutron reflectivity
(NR) studies. Surface tensiometry was finally used to evaluate the interfacial behavior of
nanogels with Fib and IgG, to further expand on the range of proteins and their influence
on protein corona formation.
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2. Results and Discussion
2.1. Synthesis and Characterization of Nanogels

Three acrylamide-based nanogels were synthesized using HDRP, a method which
allows the control of nanogels’ size and polydispersity without the need for surfactants [66].
Acrylamide (AM) and N,N′-methylenbisacrylamide (MBA) were chosen as a backbone
monomer and a crosslinker, respectively (Scheme 1). AM was chosen because of its higher
hydrophilicity, with the expectation of yielding non-active nanogels. All nanogels were
synthesized with crosslinker (MBA) content fixed at 20 mol%, which is the percentage of
moles of crosslinker based on the total moles of monomers in the formulation, as it was
previously shown to lead to a matrix with good drug loading properties, suitable for drug
delivery applications [52,54]. Charged nanogels were obtained by adding 20 mol % of GUA
or AMPS to the formulation, to ensure a strong surface charge was available on the NP.
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Scheme 1. Chemical structure of monomers and crosslinker used in the synthesis of nanogels.

The nanogels were obtained with high monomer conversion (>80% by 1H NMR) and
chemical yields (>70%) as shown in Table 1, which ensures a good consistency between
formulation and chemical structure of the matrix. Lower chemical yields compared to
monomer conversions are often the result of the loss of low molecular weight (<3.5 kDa)
polymer chains, during the purification step via dialysis. The polymerization steps are
optimized to ensure high yields, which therefore minimizes the presence of short oligomers,
which are not characterised as these particles are not of interest for application purposes. All
three nanogels were obtained with a particle size between 5 and 10 nm, determined by DLS
number distribution (Figure S1), while z-potential analysis confirmed the positive (+9.1 mV)
and negative (−14.5 mV) surface charge for NGpos and NGneg, respectively. Nanogels
with a similar diameter have the capacity to minimize the impact of size on protein corona
formation, making these nanogels suitable for studying the effect of surface charge and
chemistry on the formation of protein corona [16,36,67]. Surface tension measurements
confirmed that the nanogels presented no significant surface activity within 24 h (Figure S2),
making these materials good candidates to study the use of surface tensiometry to measure
their protein corona formation.

2.2. Interaction of Nanogels with BSA by Dynamic Light Scattering and Surface Tensiometry

As albumin is the most representative protein in the serum, BSA was initially selected
as a model protein to investigate its interaction with nanogels, initially using DLS. The
protein was used at a concentration of 35 mg mL−1 to represent in vivo conditions [68]. As
seen from Figure 1a–c (black line), BSA showed a Dh by number distribution of 8 nm in PBS
(10 mM, pH 7.4) as found in the literature [69]. When 100 µg mL−1 of either NGneut, NGpos,
or NGneg were added to the BSA solution, no changes in the sample size distribution
could be observed, thus showing no evidence of significant interaction. Interestingly,
data by intensity distribution appear to suggest some changes in the size distribution of
NGpos (Figure S3a–c) upon addition of BSA, although interpretation of these data must be
undertaken carefully due to the intensity of the light scattered from particles depending on
the 6th power of their radius, thus leading to potential misrepresentation of real relative
abundances of individual populations in the sample. Indeed, the peak with size around
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400 nm observed in the results by intensity is likely to represent a negligible portion of
the sample and is not indicative of substantial aggregation (Figure S3b). Moreover, the
high concentration of BSA used in this analysis may impede the detection of the NG-BSA
complex. Analysis of the protein corona on the same nanogels obtained using 0.1 mg mL−1

of BSA showed a similar result, with no evidence of interactions observed in the results
by number (Figure S4a–c), while results by intensity indicated interactions between the
protein and NGpos (Figure S4d–f). Interestingly, the size of the populations identified as
NGpos-BSA complexes increased from 21 nm to 50 nm when the concentration of BSA
was increased from 0.1 to 35 mg mL−1, further suggesting some interaction between this
nanogel and the protein.

Table 1. Chemical composition, monomer conversions and characterization of nanogels with neutral
(NGneut), positive (NGpos), or negative (NGneg) surface charge. Monomer conversion was estimated
via 1H-NMR.

Nanogel

Composition Monomer Conversion a Characterization

AM MBA GUA AMPS AIBN CM
b Yield AM MBA Co-Monomer Total Dh

c PDI Z-Pot d

mol% % % nm - mV

NGneut 80 20 - - 1 1 74 84 98 - 87 7.6 ± 1.0 0.31 -
NGpos 60 20 20 - 2 2 75 93 99 98 95 9.7 ± 0.8 0.46 9.1 ± 1.2
NGneg 60 20 - 20 2 1 71 91 97 76 89 5.1 ± 0.4 0.32 −14.5 ± 3.2

Polymerization conditions in all cases: T = 70 ◦C, 24 h in DMSO. a Monomer conversion calculated by 1H NMR
analysis of the initial and final polymerisation mixtures. b CM is total monomer concentration. c Hydrodynamic
diameter (Dh) by number distribution and PDI of nanogels (0.1 mg mL−1) were measured by dynamic light
scattering (backscatter) in PBS (10 mM, pH 7.4). d Z-potential of nanogels (1 mg mL−1) was measured in PB buffer
(10 mM, pH 7.4).
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Figure 1. Interaction study of (a) neutral (NGneut), (b) positively (NGpos), and (c) negatively (NGneg)
charged nanogels with 35 mg mL −1 BSA (black) by DLS (number distribution). (d) Dynamic surface
tensiometry of NGneut (orange), NGpos (blue), and NGneg (green) in presence of 100 µg mL−1 BSA
compared to the pure protein (black). (e) Equilibrium surface tension values for BSA (100 µg mL−1)
with increasing concentration of NGpos (0–100 µg mL−1). All measurements were conducted in PBS
(10 mM, pH = 7.4) at 25 ◦C.
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These data suggest that electrostatic interactions may be the main driving force for
the formation of NGpos-BSA complexes, consistent with literature data [70,71], while other
interactions such as hydrophobic are negligible in this case, as previously reported [67].

DLS offers a valuable tool to investigate the in situ formation of protein corona,
however its low resolution limits the study of subtle interactions between nanogels and
proteins of similar size [72], therefore limiting the type of conclusions that can be obtained.
Moreover, although this technique provides valuable information on phenomena occurring
in the bulk, it cannot evaluate the effects at the interfaces. Surface force tensiometry was
therefore used to obtain additional data; this technique is only sensitive to the presence
of material at the air/water interface. In this work, the use of acrylamide-based nanogels,
which are not surface active, provided a simplified system where the interfacial behavior of
the protein in the presence of the polymeric NPs could be evaluated.

The surface tension profile of BSA (at 100 µg mL−1) was measured in PBS (Figure 1d,
black dots). A lower concentration of BSA was employed to optimize measurements for
surface tensiometry. The protein diffused at the interface led to a decrease in surface tension
to 58.6 ± 0.3 mN m−1, consistent with previously reported values [73,74]. The addition of
NGpos (100 µg mL−1) to the BSA solution resulted in a further drop in surface tension, to
55.0 ± 0.3 mN m−1 (Figure 1d) as it reached equilibrium. As NGpos is not surface active,
this result suggests that the NPs formed a complex with BSA in the bulk solution, followed
by its adsorption at the air/water interface, significantly reducing the interfacial tension.

The addition of NGneut or NGneg to the BSA solution did not result in any significant
changes to the surface tension of the protein, suggesting that no significant interaction
was occurring, consistent with the DLS data. Complex formation due to hydrogen-bond
interactions, previously reported for neutral acrylamide-based nanogels with proteins [75],
was not observed; this was possibly due to the very small diameter of the NPs used,
impeding the adsorption of albumin [36,67,76,77].

To further investigate the interfacial properties of the NGpos-BSA complex, the surface
tension as a function of NGpos concentration (0–100 µg mL−1) was evaluated (Figure 1e,
see Figure S5a for dynamic surface tension plots). The data show a decrease in surface
tension when the nanogel concentration was increased, suggesting higher concentrations
of complex at the interface. With the nanogel’s concentrations higher than 50 µg mL−1 a
plateau was reached, suggesting saturation of the surface by the NG-protein complex. The
lowering of the surface tension value is evidence that the complex displays a higher affinity
for the air phase, which suggests that it is more hydrophobic compared to the free BSA.
Protein denaturation and associated exposure of hydrophobic amino acid residues was
evaluated as a possible explanation. CD experiments (Figure S6a) revealed no significant
loss of the secondary structure of BSA following the addition of NGpos and complex
formation. It was then concluded that the complexation might have resulted in increased
hydrophobicity by a mechanism of charge screening [78], which lowered the solubility of
the complex in the aqueous solution and increased its affinity for the air phase.

Overall, the data provide evidence that protein coronas not only impact the physico-
chemical properties of nanogels in the bulk, but also their interfacial properties. With a
view to characterizing the interfacial behaviour of the nanogels complexed with proteins,
we carried out experiments using NR.

2.3. Protein Corona Studies by Neutron Reflectometry

The interfacial structure of BSA (4 mg mL−1), NGpos (0.1 mg mL−1) and their mixture
at the air/water interface was studied using NR. The corresponding normalized NR profiles
in subphases of contrast-matched to air (CMAir), contrast-matched to BSA (CMBSA), and
D2O are shown in Figure S7. All three contrasts were fitted simultaneously to a single model
(solid lines, Figure S7a–c). The fitted parameters and the scattering length density (SLD) for
the nanogel are presented in Table S1 and Figure S7d–f), respectively. The fitted structure
of BSA consisted of a thinner upper layer of 10.3 ± 0.4 Å in thickness with ~15% of water,
whilst the fully immersed lower layer was much thicker (47.0 ± 1.2 Å) but far less dense
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(containing ~85% of water). Given the cylindrical shape of BSA (40 × 40 × 140 Å) [79], data
on the thickness of the top layer suggests significant structural deformation and flattening
of the protein at the interface, which is indicative of the flexibility of the protein. As the top
layer becomes close-packed and dense, a secondary layer adsorbed underneath is formed,
with BSA molecules adopting a sideways-on orientation (i.e., BSA molecules adsorb with
their long axes parallel to the surface). These observations are well in agreement with
previous NR studies of BSA solutions at the air/water interface [80,81].

The three contrasts for NGpos could be fitted consistently to a solvated model, where
a fully immersed layer of nanogels, not in contact with the air phase, extends towards the
bulk of the aqueous phase (43.0 ± 1% and 89.7 ± 0.6% solvation for the upper and lower
layers, respectively, as shown in Table S1). This result supports the data obtained from surface
tensiometry (Figure S2), which indicated no surface activity for NGpos. This is because surface
tensiometry is only sensitive to the outmost surface layer [82], whereas neutrons can penetrate
deeper below the interface, allowing to detect material adsorbed below the surface. This
particular behaviour of NGpos at the interface can be rationalized by the fact that chloride
ions in PBS (0.14 M) accumulate at the air/water interface, as shown by both computational
and experimental studies [83–86]. Water is a highly dielectric medium compared to air; when
charged nanogels approach the interface they experience repulsive image-charge forces, thus
preventing them from adsorbing at the interface [87]. However, the presence of ions from PBS
causes the formation of an electric double-layer at the interface, reducing this repulsion. This
leads the pendent chains of the positively nanogels to be pulled closer to the interface by the
counterions, as previously described for charged particles [88], resulting in a measurable NR
signal without significant decrease in surface tension of the solution. This is supported by the
fact that nearly no surface-bound NGneut were detected by NR (Figure S8), confirming the key
role of the dielectric property of water and the electrostatic interactions between negatively
charged ions, located at the interface, and positively charged polymer chains, in driving NGpos
to the near-surface zone.

As can be seen from Figure S7, NR profiles of BSA and BSA-NGpos complex were differ-
ent from those of both pure components. Kiessig fringes (dips in the Q-range 0.05–0.10 Å−1)
were observed for BSA-NG in CMAir contrast, indicating a well-packed structure at the
interface. On the contrary, NR profiles of BSA-NGneut in both D2O and CMAir contrasts
overlapped with those of pure BSA solutions (Figure S8), demonstrating no discernible
interactions. This result suggests that the electrostatic force plays a primary role in the
protein-nanogel complexation. The NR data of the mixtures were fitted simultaneously to
a single model for all three contrasts. The total thickness of adsorbed materials was ~180 Å
(Table S1), nearly 3-fold higher than pure BSA and more than 4 times thicker than NGpos,
providing direct evidence of the adsorption of the complex at the interface.

Fitted scattering length density (SLD) profiles were then used to calculate the volume
fractions (VF) of BSA, NGpos, and water as shown in Table 2. Note that the sum of VF
values in the first and second layers do not exactly add up to 100%. This could be because
the SLD values of BSA in all three contrasts are based on complete exchange of labile
hydrogens with deuterium (D). However, this might not be always the case, since the H/D
exchange rate of protons located in hydrophobic regions of the protein may be slower and
thus incomplete. Secondly, the upper layer, which is in contact with the air phase, may also
contain air (in addition to NGs, BSA and water) due to the formation of capillary waves at
the interface. However, the overall volume fraction provides a reasonable picture of the
structural conformations at the interface. Data show that the upper layer of the BSA-NGpos
complex at the interface was rich in BSA (~40% v/v), with only ~4% v/v NGpos. In contrast,
the middle layer was richer in nanogels, with ~2% v/v BSA, ~15% v/v NGpos and ~80%
v/v water. The lower layer was mainly polymeric nanogels chains with 94% solvation. The
adsorbed amount of the BSA-NGpos complex was calculated to be 5.01 ± 0.57 mg m−2,
about 1.5 times greater than the simple addition of adsorbed BSA (2.20 ± 0.07 mg m−2) and
NGpos (1.23 ± 0.04 mg m−2) on their own, further evidencing the presence of NGpos-BSA
complexes at the interface. Importantly, data shows that the NGpos-BSA complex is oriented
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in such a way that BSA is exposed towards the hydrophobic air phase. This may have
important implications for the interaction of nanogels with biological interfaces such as
cellular membranes, which might affect the behaviour of nanogels in biological settings.

Table 2. Volume fraction (VF) of BSA-NGpos mixtures at air/water interface.

Layer VF of BSA VF of NGpos VF of Water

upper ~40% ~4% ~63%
middle ~2% ~15% ~80%
lower 0% 6% 94%

We have also studied the interaction of NGpos with BSA at much lower protein
concentrations, including 0.1 mg mL−1 to match conditions employed in the analysis with
surface tensiometry. The corresponding normalized NR profiles in subphase of CMAir
are shown in Figure S9. The fitted parameters and the SLD for the nanogel are shown in
Table S2 and Figure 2, respectively. Similar to what was reported above, the interfacial
structure of the complex can be divided into three regions: a densely packed top layer, a
highly solvated middle layer followed by polymeric chains diffusing to the bulk phase.
The SLD profiles of the BSA solution alone do not change significantly when increasing
the concentration from 0.02 to 0.5 mg ml−1, indicating a stable layered structure at the
interface. However, in the case of BSA-NGpos mixtures, the SLD value of the middle layer
towards the aqueous phase increased gradually as more BSA was added to the solution.
These data indicate that increasing the concentration of BSA led to more complex to form
in the bulk, which resulted in more material being adsorbed at the interface on the side
facing the aqueous subphase.
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Figure 2. SLD profiles of BSA (dashed lines), NGpos (black), and BSA-NGpos mixtures (solid lines) at
the air/water interface in CMAir contrast. BSA was used in concentrations between 0.02–4 mg mL−1,
while NGpos was kept at 0.1 mg mL−1. The NGpos is made of 60 molar% d3AM—20 molar%
MBA—20 molar% GUA.

2.4. Interaction of Positive Nanogels with Fibrinogen (Fib) or Immunoglobulin G (IgG) by
Dynamic Light Scattering and Surface Tensiometry

Overall, data obtained by NR confirmed the formation of NGpos-BSA complexes via
electrostatic interactions and provided evidence of the reliability of the data obtained by
force tensiometry; this technique was then used to study the interaction of NGpos with
model proteins Fib and IgG. These proteins have been widely used along with BSA for
protein corona studies, due to their abundance in the corona of different NPs and to their
role in the process of nanomaterial opsonization and immune recognition [89,90].

The surface tension profiles of Fib (75 µg mL−1) and IgG (100 µg mL−1) were first
measured in the PBS buffer (Figure 3a,b black dots), with values of surface tension at
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equilibrium in agreement with previously reported studies (Table 3) [91–93]. Equilibration
times for Fib and IgG were found to be around 2 and 5 h, respectively, and significantly
higher than for BSA. Although this might be attributed mainly to the larger molecular
weight of Fib (350 kDa) and IgG (150 kDa) compared to BSA (66 kDa), other factors such as
the hydrophilic/hydrophobic amino acid ratio and overall protein rigidity contribute to
the individual protein kinetic of adsorption at the interface [78,94,95]. Thus, the different
kinetics of adsorption are indicative of the different chemical properties of the model
proteins in this study.
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Table 3. Equilibrium surface tension values obtained for Fib, IgG, and their mixtures with neu-
tral (NGneut), positively charged (NGpos), or negatively charged (NGneg) nanogels. Samples were
prepared in PBS (pH 7.4) and analysed at 25 ◦C.

Nanogels NG Conc.
(µg mL−1)

Fib Conc.
(µg mL−1)

IgG Conc.
(µg mL−1)

Equilibrium Surface Tension
(mN m−1)

Fib IgG

- - - - 58.3 ± 1.0 60.2 ± 1.1
NGneut 100

75 100
56.1 ± 0.2 60.2 ± 1.6

NGpos 50 50.3 ± 1.0 54.7 ± 2.1
NGneg 100 57.0 ± 1.1 58.6 ± 1.5

The addition of NGneut and NGneg (100 µg mL−1) to Fib and IgG led to no significant
changes in adsorption kinetics or equilibrium surface tension values, with the exception of
mixtures of Fib and NGneut (Table 3, see Figure S10 for complete runs). In this case, a slightly
lower surface tension was measured for the NGneut-Fib mixture compared to pure Fib (from
58.3 mN m−1 to 56.1 mN m−1), indicating the formation and adsorption of their complex at
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the air/water interface. Given the hydrophilic character and neutral charge of NGneut, it is
reasonable to expect hydrogen bonding to be driving the formation of this complex. Although
hydrophilic surfaces are generally associated with low-fouling properties [96,97], the presence
of hydrogen donating groups on the surface of NPs has been linked to a stronger affinity
towards protein adsorption on both NPs and surfaces [98–100]. Moreover, hydrophilic NPs
have been observed to have stronger affinity for Fib compared to BSA and IgG [67,101,102],
in agreement with our findings. It is important to highlight that no formation of NGneut-Fib
complexes could be observed by DLS (Figure S11a), thus demonstrating the higher resolution
offered by surface tensiometry. The subtle interactions in the bulk, that cannot be observed
with traditional methodologies, may still influence the interfacial properties of nanogels, thus
impacting their performance as drug delivery systems.

The addition of NGpos to Fib and IgG solutions significantly affected their surface
tension profiles (Figure 3a,b). As found for BSA, the addition of NGpos resulted in a
lower surface tension at equilibrium, indicating a formation of complexes between NGpos
and proteins in solution and further adsorption at the air/water interface. NGpos-Fib
featured slower kinetics of adsorption compared to Fib (Figure 3a), indicating that complex
formation was associated with an increase in size of the nanogels, as confirmed by DLS
(Figure S11), and thus a reduced rate of diffusion to the air/water interface. Interestingly,
the addition of IgG to NGpos did not show significant changes in the DLS data (Figure S12),
further demonstrating the higher sensitivity of surface tensiometry; formation of particles
with a size of around 1000 nm by intensity resulting from NGpos-IgG interactions were
observed by DLS only when the concentration of the protein was increased to 5 mg mL−1

(Figure S13a); however, these larger particles possibly represent a small portion of the
sample as observed in the result by number (Figure S13b).

Interestingly, concentration studies revealed a different behaviour for complexes
formed with Fib or IgG (Figure 3c,d). On one hand, a complex formation with IgG led
to a decrease in surface tension, which reached a plateau after 5 µg mL−1 of NGpos was
added. On the other hand, the surface tension of NGpos-Fib mixtures decreased until a
minimum was reached at around 50 µg mL−1 of nanogels. Further addition of NGpos led
to an increase in the surface tension of the sample, causing an inversion of the trend. As
NGpos concentrations rose, a relative longer time of equilibration could be also observed
(Figure S5b and Figure S14), indicating that NGpos-Fib complexes required more time to
adsorb at the interface when more nanogels were added to the solution. This suggests that at
low nanogel concentration, NGpos-Fib complexes can readily adsorb at the interface, while
at higher concentrations larger aggregates with decreased diffusivity have slower kinetics
of adsorption to the interface. When the NGpos concentration reached 100 µg mL−1, the
size of the complexes prevented their adsorption at the interface, causing its depletion. This
was confirmed by quantification of the free Fib left in the supernatant, after the complexes
were removed from the solution by centrifugation (Figure S15). Data showed depletion of
Fib from the solution in the proximity of the peak registered on surface tensiometry. This
is evidence that protein corona formation can affect nanogel interfacial behaviour, both
in terms of overall interfacial structure but also of kinetic of adsorption at the interface.
Moreover, data on BSA, Fib, and IgG show that the type of protein involved in corona
formation determines the way nanogels interact with the interface. In fact, interaction
of NGpos with BSA and IgG led to a comparable decrease in the sample surface tension
(−3.6 mN m−1, and −5.5 mN m−1 for BSA and IgG, respectively) and negligible effects on
the relative rate of adsorption to the interface (Figure S14). Interactions with Fib led to a
larger drop in surface tension values of the complex (−8 mN m−1 at minimum) together
with longer relative adsorption times. These data could indicate a potential role of the
protein structure (globular for BSA and IgG, tubular for Fib) in determining their different
behaviour at the interface. CD analysis did not provide an evidence of protein denaturation
for Fib and IgG in the presence of NGpos (Figure S6b,c). This indicates that, as for BSA, the
changes in interfacial behaviour are likely due to variations in the degree of hydrophobicity
of the NG-protein complex.
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2.5. Protein Corona Analysis of Natural NPs: Extracellular Vesicles

After characterizing the interfacial properties of nanogels, we extended the characteriza-
tion to other nanomaterials to demonstrate the relevance of the surface tensiometry technique
for studying the protein corona. Recently, extracellular vesicles (EVs) have attracted consid-
erable interest due to their natural ability to permeate biological barriers and target specific
cells to deliver their cargo [103]. Given the technical challenge associated with the isolation of
pure EVs and characterization of their surface-associated molecules [104], their protein corona
has only been recently investigated. EVs have been found to associate with different types
of biological molecules such as proteins, lipoproteins, or nucleic acids [105–107]. Given the
limited number of techniques suitable for the study of their corona in situ, surface tensiometry
was tested to investigate the protein corona of this nanomaterial.

To investigate the protein corona of EVs, BSA and Fib were selected as model proteins
of globular and tubular structure, respectively. EVs had been isolated from human umbilical
cord blood plasma samples and they were purified by ultracentrifugation followed by size
exclusion chromatography. These vesicles are negatively charged (−28.9 ± 1.2 mV). As
seen in Figure S16, the size of EVs in solution was found to be around 150 nm by DLS
as typically reported for EVs in literature [108]. The addition of either BSA or Fib to the
EVs solution caused no significant size increase or sign of complex formation. However,
protein corona formation by DLS for particles with size > 100 nm may be challenging, as
the increase in particle diameter caused by protein adsorption is often smaller than the
error associated with the measurements itself. The surface tension of EVs sample in PBS
was found to be negligible surface activity over a window of 4 h (Figure S16), making this
material suitable for analysis with both BSA and Fib. The surface tensiometry of EV-BSA
and EV-Fib solutions are shown in Figure S16c,d. In both cases the addition of EVs was
found to have no significant effect on the surface tension values of these two proteins at
equilibrium or on their equilibration time. This result indicates that EVs behave differently
from the positively charged nanogels, and do not form a protein corona with BSA and Fib.

3. Materials and Methods
3.1. Materials

All chemicals were used as received unless otherwise stated. Acrylamide (AM,
99%), N,N′-methylene-bisacrylamide (MBA, 99%), 1,2,4,5-tetramethylbenzene (TMB, 98%),
2-ethyl-2-thiopseudourea hydrobromide (98%), and triethylamine (TEA, >99.5%) were pur-
chased from Sigma Aldrich (Gillingham, UK). 2-Acrylamido-2-methyl-1-propanesulfonic
acid (AMPS, 98%) was purchased from Alfa Aesar (Heysham, UK). N-(3-aminopropyl)
methacrylamide chloride (95%) was obtained from Fluorochem. 2,2′-azobisisobutyronitrile
(AIBN, 98%) was purchased from Sigma Aldrich and used after recrystallization from
methanol. Deuterated acrylamide (d3-AM, 98%) was obtained from Polymer Source (Dor-
val, Canada). Acryloyl chloride (96% with 400 ppm phenothiazine stabilizer) was purchased
from Alfa Aesar (Heysham, UK). Dry DMSO was purchased from Goss Scientific (Crewe,
UK), while deuterated DMSO (DMSO-6d) employed for NMR conversion studies was
obtained from Cambridge Isotope Laboratories. Acetonitrile was obtained from Fisher,
while methanol was received from Honeywell. Chloroform was purchased from VWR. The
cellulose dialysis membrane (molecular weight cut-off: 3500 Da, width: 34 mm, diameter:
22 mm) was purchased from Medicell International Ltd. (London, UK). Bovine serum
albumin (BSA, code A7030, ≥98%), human fibrinogen (Fib, code F3879, 50–70%), and
human immunoglobulin G (IgG, code I4506, ≥95%) were obtained from Sigma Aldrich
(Gillingham, UK). Polytetrafluoroethylene (PTFE) syringe filters with pore size 0.2 µm and
polyethersulfone (PES) syringe filters with pore size 0.2 and 0.45 µm were obtained from
Fisher Scientific (Loughborough, UK).

3.2. Nanogel Synthesis

Nanogels were synthesized via high dilution radical polymerisation (HDRP) follow-
ing our previously reported procedure [109]. AM (backbone monomer), MBA (covalent
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crosslinker), N-(3-methacrylamidopropyl) guanidinium chloride (GUA) (positively charged
co-monomer), and AMPS (negatively charged co-monomer) were dissolved in an appropri-
ate volume of anhydrous DMSO to yield a total monomer concentration of either 1 or 2%
(w/w) depending on individual formulations. The concentration of crosslinker MBA was
fixed at 20 mol%, which is the percentage of moles of crosslinker based on the total moles
of monomers in the formulation.

The initiator, AIBN, was added to the monomer solution in concentrations of 1 or 2 mol%
of total moles of double bonds present in the mixture.

The solution of monomers and initiator was then transferred in a Wheaton™ bottle, the
vessel was sealed and purged with N2 for 15 min before being heated at 70 ◦C for 24 h. The
resulting nanogel’s clear suspension in DMSO was purified via dialysis (MWCO 3500 Da,
diameter 22 mm) against deionised water for 3 days changing water thrice a day. The
purified nanogel solution in water was then freeze-dried (LTE Scientific Lyotrap, Greenfield,
UK), yielding a soft white powder that was stored at room temperature. Chemical yields
were determined by weighing the dry polymer. The same protocol was used when partially
deuterated nanogel were prepared for the NR experiments.

The nanogels were reconstituted to form a stable colloidal solution by dispersing the
required amount of dry polymer in the aqueous solution (depending on the requirement of
the experiment), followed by 10 min sonication of the solution at room temperature and
filtration of the resulting clear solution through a 0.2 µm PTFE.

3.3. Quantification of Monomer Conversions by 1H-NMR Spectroscopy

Aliquots (250 µL) of the polymerisation mixture were drawn immediately after
monomer complete solubilization (time zero, t0h) and after the reaction was quenched
(time 24 h, t24h) using a microsyringe. The aliquots were then mixed with 250 µL of 1,2,4,5-
tetramethylbenzene stock solution (8 mg/mL) in DMSO-d6 as the internal standard and
transferred into an NMR tube. 1H-NMR spectra were recorded in the solvent suppression
mode at 298 K using a Brucker HD400, or Bruker AVIII400 spectrometer (400 MHz). Spec-
tra were processed with Mestrenova software (version 6.0.2-5475). The 1H-NMR spectra
acquired were phased, baseline corrected, and integrated identically. The concentration
of monomers and crosslinker in the initial and final polymerization solutions were deter-
mined by comparing the intensities of monomer peaks at 6.07 ppm for AM, 5.63 ppm for
MBA, 5.51 ppm for AMPS, and at 5.67 ppm for GUA against the intensities of peaks of the
internal standard at 6.88 ppm (1,2,4,5-tetramethylbenzene). Chemical yields of nanogels
were estimated by subtracting the amount of polymerisation mixture withdrawn during
the NMR conversion study.

3.4. Dynamic Light Scattering

Hydrodynamic diameter (Dh) measurements were obtained by DLS at 25 ◦C using a
Zetasizer Nano Ultra operated with the software ZS Xplorer (version 1.5.0.163) (Malvern
Instruments Ltd., Malvern, UK). Nanogels stock colloidal solutions (1 mg mL−1) were
obtained by dissolving the dry nanogel powder in PBS (10 mM, pH 7.4), followed by
sonication for 10 min and filtration of the resulting clear solution through a 0.2 µm PTFE.
This nanogel solution was then diluted to a concentration of 0.1 mg mL−1 with filtered PBS
(0.2 µm PTFE) prior to analysis.

For protein corona analysis, proteins stock solutions were obtained by dissolving
powders in PBS without agitation. BSA and IgG clear solutions were then filtered through a
0.2 µm PES filter prior to the analysis. Due to its larger size, Fib was filtered with a 0.45 µm
PES filter instead to avoid sample loss. Protein solutions were then diluted with either
filtered PBS (0.2 µm PTFE) or nanogels solution to achieve the desired concentration for
protein corona studies.

To avoid contamination from airborne dust, all samples were filtered under a fume
hood and cuvettes were flushed with air immediately before samples were added. All



Int. J. Mol. Sci. 2023, 24, 2810 12 of 20

measurements were carried out in triplicate using backscatter (173◦) angle mode, allowing
10 min for sample temperature to equilibrate prior to each measurement.

3.5. Characterisation of Nanogels via Z-Potential Analysis

Z-potential analysis of nanogels was conducted at 25 ◦C using a Zetasizer Nano
Ultra operated with the software ZS Xplorer (version 1.5.0.163) (Malvern Instruments Ltd.,
Malvern, UK). Nanogels stock colloidal solutions (1 mg mL−1) were obtained by dissolving
the dry nanogel powder in PB (10 mM, pH 7.4), followed by sonication for 10 min and
filtration of the resulting clear solution through a 0.2 µm PTFE into a disposable folded
capillary cell (1080, Malvern Instruments Ltd., Malvern, UK).

3.6. Synthesis of GUA

GUA was synthesized according to a modified literature procedure [110]. Briefly,
N-(3-aminopropyl) methacrylamide chloride (999 mg, 5.60 mmol) and 2-ethyl-2-thiopseudourea
hydrobromide (980 mg, 5.32 mmol) were added to a 25 mL bottom round flask together
with 10 mL of acetonitrile (AcCN) and 0.5 mL of deionised water. To this solution, triethy-
lamine (1560 µL, 11.2 mmol) was then added. The reaction was stirred at room temperature
for 16 h, after which, the solvent was removed under reduced pressure. The resulting color-
less oil was purified via column chromatography (eluent: 5% MeOH in CH3Cl followed
by 25% MeOH in CH3Cl) over alumina (50–200 µm 60 Å, Rf = 0.32). The product was
obtained as a clear oil, 1.015 g (87%). 1H-NMR (400 MHz, DMSO) δ 8.01 (t, J = 5.4 Hz, 1H),
7.68 (t, J = 5.7 Hz, 1H), 7.6–6.7 (br, 4H), 5.68 (dd, J = 1.4, 1.0 Hz, 1H), 5.33 (p, J = 1.5 Hz, 1H),
3.23–3.04 (m, 4H), 1.86 (dd, J = 1.5, 0.9 Hz, 1H), 1.78–1.56 (m, 2H).

3.7. Static Surface Tensiometry of Nanogels

The surface tension of pure nanogels in PBS (10 mM, pH 7.4) was evaluated with
a Kruss K9 (Kruss Scientific, Hamburg, Germany) force tensiometer equipped with a
glass through and a Wilhelmy plate (PL01) as probe. All samples were measured at 25 ◦C.
Nanogels stock colloidal solutions were prepared in the same way as reported in Section 3.4.
Nanogel solutions were then diluted with filtered PBS (0.2 µm PTFE) to obtain samples
with appropriate concentrations for analysis. Surface tension measurements were collected
at 0.5, 1, 3, 5, 8 and 24 h from the start of the experiment for each nanogel sample. At each
time point, 5 consecutive measurements were performed, and the average was used to
report the surface tension value.

3.8. Protein Corona Studies by Dynamic Surface Tensiometry

The kinetics of adsorption at the air/water interface of proteins and nanogel-proteins
mixtures were analysed using a Kruss K100 Force Tensiometer (Kruss Scientific, Hamburg,
Germany) equipped with a PTFE sample trough (SV01, volume 6.4 mL) and a Wilhelmy
plate (PL02). All samples were measured at 25 ◦C. Nanogels and proteins stock solutions
were prepared as per Section 3.4. Then, the protein stock solutions were diluted with
either filtered PBS (0.2 µm PTFE) or nanogels solution to obtain samples with the desired
concentration for protein corona studies. As soon as samples were prepared, they were
loaded on a 6.4 mL PTFE trough and the measurement was immediately started. Surface
tension measurements were collected every 30 s until a plateau was reached. The final
surface tension values were taken as average of the last 10 measurements after reaching a
plateau. Each measurement was repeated at least twice. Prior to every experiment, pure
PBS was measured to confirm no contamination of the set-up (surface tension of pure PBS
72 ± 0.5 mN m−1).

3.9. Protein Corona Studies by Neutron Reflectometry

NR experiments were carried out on the FIGARO reflectometer (10.5291/ILL-DATA.9-
12-588 and 10.5291/ILL-DATA.9-13-838) at the Institut Laue-Langevin (ILL), Grenoble,
France. The NR profiles were measured at two incident angles (θ = 0.624◦ and 3.78◦) to
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provide a wide Q-range, hence the highest sensitivity to the interfacial structure. The sample
was illuminated at a resolution δQ/Q ≈ 8%. The water sub-phase was D2O, contrast-
matched to air (CMAir) or contrast-matched to BSA (CMBSA). To enhance the contrast
during NR experiments, partial deuterated NGpos nanogels, made of 60%AM-d3 + 20%
MBA + 20% GUA, were used for CMAir and CMBSA subphases. In the case of D2O
contrast, the normal NGpos (60% AM + 20% MBA + 20% GUA) sample was used. Scattering
length and scattering length density (SLD) values of BSA and nanogels used in this work
are shown Table S3.

NR data were analysed in refnx software (version 0.1.30) using the Markov chain
Monte Carlo (MCMC) fit algorithm. The analysis of NR data includes generating model
parameters such as SLD thickness, roughness, and number of layers, calculating the reflec-
tivity, and comparing the result to the data obtained from the experiments. This process
was repeated until the differences between the global fit and the experimental data in
different isotopic contrasts had reached a minimum. The optimal fitted parameters were
combined to give the scattering length density profile of the sample, which represents the
variation in composition perpendicular to the interface. The nature of model fitting of NR
data necessitates finding the simplest model, i.e., the model with the minimum number of
fitting parameters.

When resolving the volume fraction and adsorbed amount of materials in each layer
in each layer in the NR data recorded at the air/water interface, we assumed that there
were no air bubbles inside the interfacial layers. As a result

∑
i
(SLDi ∗VFi) = SLD f it

where SLDi and VFi stand for the SLD and volume fraction of component i (could be
nanogel, BSA, or water) whereas SLDfit is the SLD value from the fit. As two or three
different isotopic contrasts were used, it was possible to calculate the volume fraction of
water, BSA, and nanogels in each layer. Theoretically speaking, the sum of the volume
fractions of all components should equal 1, which is an extra constraint to resolve the
volume fraction profiles.

The adsorbed amount of nanogel and BSA at the interface can be calculated from the
volume fraction values:

Γ = VF ∗ ρ ∗ d

where ρ is the density of dry BSA or nanogels and d is the fitted layer thickness.
Model fitting is the most used method to analyze Neutron Reflectivity data. The

interface region is divided into a finite number of layers, each characterized by a certain
layer thickness, Scattering Length Density (SLD), and roughness. The scattering length
density can be written as Nb = ∑i Nibi with Ni the number density, bi the coherent scattering
length. The multiple Nb is known as the SLD. Since Nb is approximately linearly related
to the volume fraction composition Nb = ∑i ∅iNbi (∅i is the volume fraction and Nbi is
the scattering length density of species i) a layer model with discrete strata representing
the interfacial regions with different chemical compositions is then constructed and the
reflectivity from such the model is calculated using the classical optical matrix method. The
calculated reflectivity profile using an iterative model fitting is carried out and the layer
thickness, SLD and roughness are optimised. The fitted profile is then compared to the
experimental data and the goodness of the fit is evaluated in terms of χ2.

3.10. Quantification of Unbound Fibrinogen in Protein Corona Study by UV-Vis Spectroscopy

The interaction of positively charged nanogels (NGpos) with Fib were evaluated by
UV-Vis spectroscopy. NGpos and Fib were reconstituted in PBS (10 mM, pH 7.4) as de-
scribed in Section 3.4. Then, Fib and NGpos solutions were mixed to reach a final volume
of 1 mL (Fib concentration 0.75 mg mL−1, NGpos concentration ranging between 0.01
and 1 mg mL−1). The formed solutions were then transferred in Eppendorf tubes and
centrifuged at 16,873× g for 30 min. Pure NGpos or Fib led to no pellet to be formed. Then,
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concentration of free Fib was assessed by measuring the absorbance of the supernatant at
280 nm against a calibration curve.

3.11. Circular Dichroism

CD spectra were obtained with a Chirascan spectrometer (Applied Photophysics,
Ltd., Leatherhead, UK) using a 1 mm quartz cell (110-4-40 Hellma Analytics, Baden-
Wurttemberg, Germany). The CD spectra of nanogels, proteins, and their mixtures in PBS
(10 mM, pH 7.4) were recorded from 190 to 260 nm (bandwidth 1 nm, time-per-point 1 s).
Data analysis was performed with Chirascan Pro-Data Viewer software (version 4.5.1848.0).
Typically, three scans were acquired and averaged. The resulting average spectrum was
subtracted from the contribution of buffer (and nanogels when appropriate) and all spectra
were zeroed at 260 nm.

3.12. EV Isolation from hUCB-Plasma and Protein Corona Studies

Human umbilical cord blood (hUCB) samples were obtained upon signed informed
consent, in compliance with Portuguese legislation. The collection was approved by the
ethical committee of the Centro Hospitalar e Universitário de Coimbra, Portugal (HUC-
01-11). Briefly, blood plasma was isolated by density gradient separation (Lymphoprep—
StemCell Technologies SARL, Grenoble, France). For EV isolation, blood plasma was
centrifuged at 2000× g for 20 min at 4 ◦C to pellet cell debris. Using an Optima™ XPN
100K ultracentrifuge with a swinging bucket rotor SW 32 Ti (Beckham Coulter, Brea, CA,
USA), the supernatant was centrifuged twice at 10,000× g for 30 min at 4 ◦C in order to
pellet larger vesicles. EVs were then centrifuged at 100,000× g centrifugation for 120 min at
4 ◦C. Pelleted EVs were washed with cold PBS and run through commercially available
SEC columns (qEV columns, Izon Science, Christchurch, New Zealand) in order to separate
EVs from soluble proteins. The EVs fraction was collected and centrifuged one last time at
100,000× g, resuspended in 150–200 µL of cold sterile PBS, and stored at −80 ◦C.

For protein corona studies, EVs were slowly thawed on ice prior to each experiment.
To study interactions of EVs with proteins using DLS, EVs (final concentration ∼0.08 nM)
were mixed with either BSA or Fib (final concentrations 3 mg mL−1 and 2.25 mg mL−1,
respectively) solutions prepared as described in Section 3.4. Samples were equally diluted
to adapt the procedure to surface tensiometry measurements (final concentration sEVs
0.002 nM, BSA 100 mg mL−1, and Fib 0.075 mg mL−1). Pure sEVs were also measured as
control by diluting the stock with PBS.

4. Conclusions

The formation of NPs-proteins complexes and the study of their behavior with bio-
logical interfaces, such as membranes and cell surfaces, are an essential priority for any
application of nanomaterials requiring interactions with biosystems, such as in the case of
drug delivery systems and sensors. The evaluation of these interactions in solutions, using
in situ analytical techniques, allows to understand the behavior of the systems, without any
disruptive isolation step. We have focused on the characterization of the complex formation
between acrylamide-based nanogels, neutral and charged, with a range of proteins, such as
BSA, Fib, and IgG, which are commonly found in the protein corona of NPs.

Surface force tensiometry was used, complementing the more traditional and widely
used DLS, to demonstrate that complex formation occurs between positively charged
nanogels and BSA and that the interfacial behavior of the proteins and NPs is changed. The
structure of the BSA-NGpos was resolved by NR experiments on ångström length scale at
the air/water interface, with air being the hydrophobic component. The data allowed us to
identify that the interfacial structure of the complex is organized in three regions, with a
top layer densely packed, followed by a highly solvated middle layer, followed by a lower
layer with more polymeric chains diffusing to the bulk phase. The interesting feature is that
experiments with varying concentrations of BSA, ranging from 0.02 to 0.5 mg ml−1 showed
that the SLD value of the middle layer increased gradually towards the aqueous phase,
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while the other layers remained similar. This confirmed that increasing concentrations
of BSA led to more complex to form in the bulk, which resulted in more material being
adsorbed at the interface extending towards the aqueous subphase.

Surface tensiometry and DLS were also used to evaluate the complex formation of
nanogels with Fib and IgG, demonstrating the pivotal role of electrostatic interactions.
These complexes showed the ability to adsorb at weakly hydrophobic interface (air/water)
with interfacial properties that differed from that of pure proteins and nanogels. We found
that the type of protein involved in the formation of the corona directly impacted the
interfacial properties of the complexes both in terms of kinetics of adsorption and structure
at the interface, demonstrating the importance of protein structure. The data interestingly
show a different behavior of the complexes at the interface, as a result of changes in
concentrations. The consistency of behavior of BSA and IgG, both globular proteins,
compared to Fib, a tubular protein, prompted us to hypothesize that protein structure
and shape may lead to different interfacial behaviors. The combination of techniques
used for this study allowed us to demonstrate that surface tensiometry, a simple and
easily accessible technique, can provide important information on the in situ behavior of
NPs-protein complexes.

This work provides important advances in understanding the role of protein in-
teractions in altering the interfacial behavior of nanogels, which can contribute to the
development of NPs for drug delivery applications.
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