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Abstract — Nano-bio interfaces attune nanoparticle-mediated biological responses. The nano-
bio interface, like all interfacial interactions, is governed by non-covalent long-range
interactions (LRIs). These LRIs include electrostatic, electrodynamic and acid-base
interactions. There is a lack of understanding about the contribution of LRIs at the nano-bio
interface for want of suitable methods for the estimation of dispersive, acidic, and basic
components of the surface tension of nanoparticles. To address this, we developed an
experimental and theoretical framework for the estimation of surface tension components of
nanoparticles and biomacromolecules by partitioning them in a biphasic system. The work
presented here is the first instance in the literature for estimating the surface tension
components of nanoparticles and biomacromolecules suspended in aqueous suspensions. We
also observed that LRIs have a deterministic role in biologically relevant phenomena such as
salt-induced nanoparticle agglomeration and protein-nanoparticle interaction. Collectively, the
results presented in this work provide a rapid and inexpensive framework for predicting the
energetics of nanoparticle-nanoparticle and nanoparticle-protein interactions by estimating

average ensemble surface characteristics like surface tension and surface charge density.
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Nanoparticles are ubiquitous in nature due to a plethora of natural and anthropogenic sources.
Nano-bio interfaces are established by the propensity of nanoparticles to interact with
biological systems present in their vicinity owing to their high surface energy!. Nano-bio
interactions play a significant role in nanoparticle-mediated biological responses including
adsorption of specific proteins® and consequential nanoparticle uptake® 4, perturbation of
cellular homeostasis®, inflammation®, or controlled biodistribution’. However, there is an
inadequate understanding of the fundamental aspects that govern the interaction between
nanoparticles and biological systems.

The non-covalent long-range interactions (LRIs) primarily govern the interfacial interactions
between materials and biological systems such as microorganisms and bacteria® °. The
interfacial LRIs include electrostatic (EL) or Coulombic interactions, electrodynamic (van der
Waal’s forces) or Lifshitz-van der Waals (LW) interactions, and polar (structural surface
forces) or acid-base (AB) interactions 1 1, EL, LW, and AB interactions together constitute
primary LRIs at nanoscale?. The quantification of LRIs has been shown to aid in predicting
protein adsorption on micron-sized silica particles and hence provide meaningful information
about the implication of material-bio interfaces on biological functions®®. However, in the
context of nanoparticles, the role of only EL interactions is understood as the surface charge
density of nanoparticles can readily be estimated by measuring their zeta potential* %,
Whereas, the literature is scarce on the contribution of LW and AB interactions between
nanomaterials and biomacromolecules primarily due to non-availability of methods. To
address this, a biological surface adsorption index based approach was developed which
provided an insight into the fundamental nature of interactions governing nanoparticle-
biomacromolecule interactions® 7. The proposed index, however, provided only relative
information, and the index had limited utility for the quantification of the contribution of LRIs.
Contact angle measurement is the method of choice for the quantification of LW and AB
interfacial energies between planar surfaces'®. Macroscopic contact angle measurement,
however, is not suitable for nanoparticles as sample preparation results in micron-scale
heterogeneity of the surface!®. To circumvent this, significant effort has gone into measuring
microscopic contact angle using different techniques®® 2% 22 2. 24 Most of these methods
provide limited information as they either provide a single contact angle, require extensive
sample preparation or expensive equipment. Another alternative is to use biphasic partitioning
to predict the biological behavior of molecules. For example, octanol-water partitioning

provides a straightforward estimate of the lipophilicity of a compound?®. The lipophilicity of a
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compound plays a deterministic role in its ability to cross the blood-brain barrier and thus could
predict its biodistribution inside the body?®. However, partitioning coefficient of nanoparticles
does not provide any significant information about the biological behavior of the

nanoparticles?”.

To elucidate meaningful information from biphasic partitioning data of nanoparticles or
biomacromolecules, we developed a theoretical and experimental framework correlating the
biphasic partitioning of nanoparticles or biomacromolecules to their surface tension
components (Figure 1). Further, we used the estimated surface tension components to
understand the contributions of LRIs including EL, LW and AB interactions in biologically
relevant processes like salt-induced nanoparticle agglomeration and nanoparticle-protein

interactions (Figure 1).
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Figure 1. Outline of the methodology used for quantitative estimation of non-covalent long-range
interactions (LRIs) at nanoscale. In Step @), nanoparticles or biomacromolecules were partitioned in
aqueous biphasic systems (ABS) to calculate partitioning coefficient and interfacial interaction
parameter (Ay). In Step @, the surface tension of polymeric phases was resolved into dispersive (y£%)
and polar (y{*®) components using contact angle on an apolar surface (thin LDPE film). The polar
component was resolved further into electron donor (y;) and acceptor (y;) components using
solvatochromic analysis. In step €}, a theoretical framework was developed for the relationship
between Ay of particles (nanoparticles or biomacromolecules) estimated by biphasic partitioning to
YW, y~, and y* components of the surface tension of particles and phases of ABS. Finally, the surface
tension components were used to quantitatively estimate contributions of LRIs in biologically relevant
events such as salt-induced nanoparticle agglomeration and protein-nanoparticle interactions using
extended DLVO (xDLVO) theory-based calculations.

Biphasic partitioning of particles. The first objective of this study was to estimate the

partitioning coefficient of nanoparticles or biomacromolecules in a biphasic system (Figure 1-
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Step 1). Partitioning of particles in a biphasic system is governed by the interfacial energy?®
29, The high interfacial tension of biphasic systems results in the accumulation of particles at
the interface with lateral movement of accumulated particles in cases where the interface is
curved®® 3, Lowering the interfacial tension of biphasic systems results in equilibrium
partitioning of particles as a function of both interfacial tension and the particle size3% %,
Therefore, we used Aqueous Biphasic Systems (ABS) for the partitioning of nanoparticles and
biomacromolecules as ABS have miniscule interfacial tension and are suitable for partitioning
of particles up to 100 nm. We used ABS prepared using neutral polymers for partitioning as
they do not have an interfacial potential difference and partitioning of particles is not due to
their surface charge in such ABS?. For partitioning studies, quasi-spherical citrate-capped gold
nanoparticles (AuNP) with anionic surface characteristics were synthesized using a modified
citrate-reduction method (Figure S1). We also studied the partitioning of Bovine Serum
Albumin (BSA) and Lysozyme which are colloidal biomacromolecules. To study the efficacy
of the developed framework in estimating the changes in the surface of particles, we cationized
BSA to change its surface characteristics without altering the secondary structure content
(Figure S2). As all phases of the ABS had different pathlengths for the same suspended volume
in a multi-well plate, therefore, a pathlength correction factor was used for accurate
measurement of absorbance (Figure S3). For calculating the partitioning coefficient of particles
in ABS, we assumed that all nanoparticles and proteins in aqueous suspension had similar
surface characteristics and particles partitioned between top and bottom phases (Figure S3).
The partitioning coefficient is related to Ay which is the difference in the interfacial tension
between particles and both phases of ABS (Supplementary Section 1)?8. As the partitioning
coefficient is a function of both surface area and surface characteristics of the nanoparticles?®,
the Ay value obtained for a nanoparticle or a protein in a single ABS is an indicator of its

surface characteristics.

Relationship between Ay and surface tension components. The next step was to use Ay
values to estimate particle surface tension (Figure 1-Step 3). The partitioning coefficients of
cells in ABS with different interfacial tension are related to their contact angle3* and therefore
can be used to estimate their surface tension components. We developed a theoretical
framework for correlating surface tension components of particles to their Ay value which is
calculated using experimentally measured biphasic partitioning data (Supplementary Section
1). The estimated surface tension components were dispersive (y£%), polar (y/8), electron

donor (y; ), and electron acceptor (y;) components and should not be considered equivalent to
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the free energies of the surface. The developed theoretical framework estimates surface tension
of particles in as-prepared aqueous state and therefore is not amiable to artifacts introduced by
the drying during sample preparation. Changing the dispersion state of colloids, especially
proteins, is known to influence the surface tension estimated using contact angle

measurement> 36,

For successful implementation of the developed theoretical framework, we needed to resolve
the surface tension of top and bottom phases of ABS into y*V, y4E y~, and y* components
(Figure 1-Step 2). We proposed an experimental methodology based on surface tension
estimation, contact angle measurement on thin polyethylene (PE) films, and solvatochromic
analysis for resolving the surface tension of polymeric phases. We validated the proposed
method using water as a model solvent. We measured y;, of water by the pendant drop method
and resolved it into " and y{2® components by measuring the contact angle of water on thin
PE films as PE is an apolar polymer®”. We used the heat-press method to prepare PE films to
avoid changes in the physicochemical properties caused by residual solvents left after solvent-
casting®. Further, there are no reported methods available in literature to resolve y{8 into y;
and y; components of surface tension. The y; / y; ratio for water proposed in OCG theory is
1:1 while this ratio should be 1:2.343 as per Abraham’s scale of acidity and basicity 27 3% 4,
We hypothesized that the Kamlet-Taft’s solvent parameters could be used to determine the
v/ yi ratio* as these parameters have a linear relationship with partitioning coefficient of
proteins®2. Further, the y; / y; ratio obtained using Kamlet-Taft parameters should be squared
in order to get a ratio at par with Abraham’s scale*® %3, The y; / y; ratio of water estimated by
solvatochromic analysis was 2.69 which is in close agreement with Abraham’s scale (Figure
S4 and Table S1). The increased acidity of water observed in our measurements is primarily
due to the dissolution of atmospheric carbon dioxide*. We used the proposed methodology to
experimentally estimate Y%, y48, y~, and y* components of the surface tension of polymeric
phases of ABS (Table S2).

Surface tension estimation of colloids by biphasic partitioning. We used the developed theoretical
framework (Supplementary Section 1) to estimate y“%, y4B y~, and y* components of the surface

tension of AuNP and proteins (Figure 1-Step 3). We performed a non-linear regression using the
biphasic partitioning data from three different ABS (Figure S3).

Table 1 shows all the values of estimated surface tension components of AuNP and proteins.
The surface tension of lysozyme estimated by biphasic partitioning approached the reported

values for hydrated lysozyme estimated using contact angle measurement thereby validating


https://doi.org/10.1101/478800

bioRxiv preprint doi: https://doi.org/10.1101/478800; this version posted November 27, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

the developed method. The resolved components of the surface tension of lysozyme were
however different from the reported values as we experimentally estimated the y; / y; ratios
of the phases of ABS. We also evaluated the sensitivity of the developed method in estimating
changes in the protein surface. For this, Bovine Serum Albumin (BSA) was cationized (cBSA)
by increasing the surface amine group density (Figure S2). Surface basicity estimated as
electron donor component (y~) correlated well with the changes in the surface amine group
density of the proteins estimated by o-phthaldialdehyde (OPA) assay (Figure 2A). We
observed a linear relationship between the y~ of proteins and relative concentration of surface
amine groups (Figure 2B). The Pearson’s correlation coefficient for the correlation was
0.9999, and the slope was significantly different from zero with a p-value of 0.007 estimated
by a 2-tailed t-test.

Table 1. Surface tension components estimated by aqueous-biphasic partitioning of aqueous
suspensions of gold nanoparticles and model proteins in a fully hydrated state.

Surface tension (MmN m™)
vy | v | v v Y
Gold nanoparticles (AuNP) 60.64 45.73 1491 0.58 | 25.70
Bovine Serum Albumin (BSA) 58.24 45.57 12.67 152 | 26.49
Cationic BSA (cBSA) 70.58 53.61 16.97 2.25| 32.02
Lysozyme 71.79 55.59 16.21 1.99 | 33.00
Lysozyme* (dry) %5 48.8 412 26| 007| 234
Lysozyme* (hydrated)* ~72.2 315 | =407 ~4.5| =56.2

y - surface tension; yW - Lifshitz-van der Waals component; y45 - acid-base component;
y™* - electron acceptor component; y~ - electron donor component; and * represents values

reported in the literature
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Figure 2. Relationship between surface tension of proteins and their surface chemistry. A) The relative
concentration of amine groups on the surface of protein molecule estimated by o-phthaldialdehyde
(OPA) assay is indicated by the fluorescence intensity on the left-hand axis. The electron donor
component (y~) of protein estimated are shown on the right-hand axis. y~ is determined by the
concentration of amine groups present on the protein surface. B) Correlation between y~ and OPA
fluorescence.

We are for the first time reporting an in-situ estimation of the surface tension of hydrated
nanoparticles and proteins. The only other reported method used the empirical estimation of
the contribution of different LRIs in establishing the nanoparticle-protein interface!® ', The
developed method, however, is limited by the size of nanoparticles that can be efficiently
partitioned as larger sized particles undergo sedimentation and cannot be partitionied
succesfully. Moreover, the surface roughness of nanoparticles also influences the partitioning
of nanoparticles in a biphasic system due to contact-line pinning of nanoparticles at the liquid-
liquid interface®® 47, Therefore, the developed method needs further validation for the cases

mentioned above.

The developed method is an ensemble measurement method and therefore estimates the
average value of surface tension in a given population of particles having similar surface
characteristics. The surface tension components reported here, therefore, do not quantify the
chemical heterogeneity on the surface of a single nanoparticle or biomacromolecule. To draw
a parallel, zeta potential measurement by electrophoretic mobility is also an ensemble
measurement and does not provide any information about the heterogeneity of the surface
charge density on the surface of an individual nanoparticle or a protein molecule*®. The zeta
potential, however, can explain how a population of nanoparticles or biomacromolecule will
behave at a macroscale, for example, their stability under a given set of conditions. Thus, we

hypothesized that average surface characteristics of a nanoparticle or biomacromolecule can
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help in predicting their population-wide behavior. To test this hypothesis, we further studied

the role of LRIs in biologically relevant processes.

Quantitative estimation of LRIs at the nanoscale. The interplay of two competing
phenomena which are the salt-induced agglomeration of nanoparticles and adsorption of
biomolecules determine the final state of nanomaterials in the biological milieu and
nanoparticle-mediated biological effect*® 5% 5152 Therefore, we further studied the role of LRIs
in governing these biologically relevant processes to gain a mechanistic insight into the nano-
bio interfaces. However, the main hindrance for the present work was non-availability of
theories which could quantify LRIs at the nanoscale. xDLVO is one of the theories which
provides experimentally validated trends for both hydrophobic attraction and hydrophilic
repulsion between colloids and a polymeric membrane®. Although the xDLVO theory
provides information about interfacial EL, LW, and AB interactions for macroscopic
homogenous systems®’, it has been successfully used in estimating the fundamental nature of
the interaction between planar surfaces and highly heterogeneous biological samples like
proteins® or bacteria®. The xDLVO theory-based calculations, however, cannot explain the
stochasticity in case a pair of bacteria with significantly different surfaces is used®. Although
the xDLVO theory is limited in the information it can provide, it can be used for quantitative
estimation of LRIs between colloids having similar surface heterogeneity. We, therefore, used
XDLVO calculations only for quantitative estimation of LRIs between nanoparticles or

nanoparticles and a single protein species.

Role of LRIs in salt-induced AuNP agglomeration. The agglomeration of nanoparticles upon
exposure to biological milieu is a consequence of an interplay between attractive and repulsive
LRIs between nanoparticles. We used xDLVO theory (Supplementary Section 2) to calculate
the interaction energy between AuNP suspended in water (Figure 1-Step 3). Further, we also
studied the pH-dependence of salt-induced AuNP agglomeration by calculating interaction
energies at varying pH and inter-particle distances equivalent to Debye length corresponding
to the ionic strength of the medium. We observed that there was minimal change in the
energetics of salt-induced AuNP agglomeration at pH 3-11 (Figure 3A). The interaction
between AuNP was unfavorable at all pH values at lower ionic strength, whereas, it was
favorable at higher ionic strength. We also observed that EL interaction and contribution from
Brownian motion (BM) were unfavorable at higher ionic strength, whereas, contributions from
LW and AB interactions were favorable (AG-ratio plots in Figure 3A). The high ionic strength

of the medium effectively screens the EL repulsion, and this allows LW and AB interactions
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to govern the formation of AuNP-AuNP interface. The interaction energy at pH 7.0 as a
function of the ionic strength of the medium became increasingly favorable with an increase in
NaCl concentration (Figure 3B). The contribution of different interaction energies showed a
transition at around 25 mM NaCl concentration (Figure 3A). These results predicted 25-30
mM as the concentration of NaCl beyond which AuNP should be unstable. For experimental
validation, we studied the stability of AuNP in NaCl solution, and we observed AuNP were
highly unstable at ionic concentrations higher than 30 mM (Figure 3C). A distinct biphasic
behavior was observed on either side of the 25-30 mM NaCl concentration with a stable AuNP
suspension at low ionic strength conditions even at extended time points and a rapid
agglomeration of AuNP at high ionic strength conditions at the onset. We also calculated the
non-electrostatic interaction energy (NEIE) between AuNP suspended in water to understand
the nature of LRIs at AUNP-AUNP interface (Supplementary Section 3). The overall NEIE was
favorable (Figure S5) with a significant contribution from the apolar interaction. Moreover, the
AUNP-AUNP and water-water polar cohesion energies were enough to compensate for the polar

adhesion between AuNP and water molecules.

Collectively, the results presented herein demonstrate that AuNP are relatively stable at low
ionic strength environments as EL repulsion provides an energy barrier. As the salt
concentration increases, the magnitude of EL repulsion keeps decreasing and the contribution
from AB component increases (Figure S5). Therefore, the higher ionic strength of media
induces a favorable interaction between AuNP. The AuNP interface is governed majorly by
the apolar cohesion between AuNP. Due to this, AuNP once agglomerated cannot be re-
dispersed as the contribution from the energy of polar adhesion between AuNP and water is
insufficient to overcome the apolar cohesion between AuNP. The data presented here resolves
the contribution and interplay between EL, LW, AB, and BM components of interaction energy
in salt-induced agglomeration of AuNP. The results corroborate with the experimental

observations validating estimated surface tension components using biphasic partitioning.
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Figure 3. Salt-induced agglomeration of gold nanoparticles (AuNP). A) Interaction energy map of
AUNP-AUNP interaction. The interaction energies were calculated at different pH values using xXDLVO
theory. The interparticle distances for calculations was equal to the Debye length corresponding to the
ionic strength of the media. Alongside images show ratio plots of different interaction energies to total
interaction energy. The independent contributions from Electrostatic (EL), Lifshitz-van der Waals
(LW), and acid-base (AB) interaction energies along with contribution from Brownian Motion (BM) of
AUNP are shown. The interpretation of the plot is as follows: red region on interaction energy plot
(IEREP) and corresponding red region in ratio plot (RatioREP) indicates that LRIs are energetically
favorable, however, the interaction is energetically unfavorable. IEB-YE and RatioREP indicates that LRIs
are energetically unfavorable and the interaction is favorable. IEREP and RatioB-YE indicates both the
contribution of LRIs and interaction are energetically unfavorable. IEB-YE and RatioP-"F indicates both
the contribution of LRIs and interaction are energetically favorable. B) Interaction energy calculated at
an inter-particle distance equal to Debye length corresponding to the ionic strength of the medium at
pH 7.0; C) Stability of AuNP in increasing concentration of NaCl at 1, 50, 150 and 200 min. The
stability index values range from 0 (unstable) to 1 (stable).

Role of LRIs in nanoparticle-protein interactions. Protein adsorption at a liquid-solid
interface is a multi-phase process which includes a) approach of protein to a surface, b)
adsorption of protein, c) structural rearrangement or denaturation of protein, d) desorption of
protein, e) renaturation of protein in some cases®. Along the same lines, we envisioned two
level of interactions for protein adsorption on a nanoparticle surface as defined for protein-
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microparticle interactions®3. The primary interactions due to the approach of proteins to a
nanoparticle surface are predominantly interfacial interactions between protein and
nanoparticle surface and governed by the surface characteristics of both proteins and
nanoparticles. The secondary interactions involve structural rearrangements of the protein due
to their adsorption onto the nanoparticle surface and are governed primarily by the structural
stability of proteins and the strength of primary interaction. We hypothesized that in the case
of nanoparticle-protein interactions, LRIs being most dominant of primary interactions could
energetically explain the extent of structural rearrangement of proteins caused by secondary
interactions. To test this hypothesis, we used a set of model proteins (BSA and cBSA) which
had a similar secondary structure but different surface characteristics (Figure S2). We will not
discuss desorption and renaturation of proteins from nanoparticle surface here as it is beyond
the scope of this manuscript. However, as a general rule, stable proteins show a higher rate of
desorption as they do not undergo structural rearrangements upon adsorption thereby having

minimal secondary interactions®’.

Computational methods have indicated that although the surface of protein molecules is
heterogeneous, they prefer a particular orientation during interaction with the nanoparticle
surface due to residual-specific interactions®®. Therefore, we used xXDLVO theory to estimate
the average interfacial interaction energy between model proteins and nanoparticles as a
function of pH of the media and inter-particle distance equivalent to the Debye length
(Supplementary Section 2). The estimated interfacial energies may not accurately represent
LRIs, but they provide information about their importance in forming the nanoparticle-protein
interface. The pH and ionic strength dependent interaction energy maps of AuNP with proteins
revealed interaction energies are unfavorable at low ionic strengths, whereas, they are favorable
at higher ionic strengths (Figure 4). In case of AuNP-BSA interaction (Figure 4A), we
observed that at low ionic strength conditions, the change in contribution from various
interactions was maximum around the isoelectric point of BSA (pH = 5.0). Contributions from
BM were unfavorable at all pH values whereas, contributions from EL were unfavorable above
the isoelectric point of BSA. In case of LW and AB interactions, the contribution is favorable
at higher ionic strengths and unfavorable at low ionic strength. In case of AuNP-cBSA
interaction (Figure 4B), the contribution from EL, LW, and AB interaction was favorable,
whereas, the contribution from BM was unfavorable at higher ionic strength at all pH values.
The contribution from the interaction energy was highest for AB interaction for both BSA and

cBSA indicating a significant influence of aqueous environment in driving the AuNP-protein
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interaction. In literature, there are instances where protein-nanoparticle interactions are studied
at low ionic strength conditions as nanoparticles are unstable at ionic strengths corresponding
to physiological conditions.>® However, our results indicate that using low ionic strength media
in estimating nanoparticle-protein interactions can lead to erroneous interpretation about
biological behavior of nanoparticles. As there are no experimental methods available for
quantification of primary or secondary protein-nanoparticle interactions, therefore, we could

not validate the results predicted by xDLVO theory.

We also calculated NEIE between both AUNP-BSA and AuNP-cBSA (Supplementary Section
1 and Figure S6). The overall NEIE is favorable and comparable for interaction of AuNP with
both BSA and cBSA, indicating that EL interactions have a deterministic role in establishing
the AuNP-protein interface in this case. The apolar adhesion between proteins and AuNP was
more favorable as compared to apolar adhesion between water and proteins/nanoparticles
indicating that once the favorable interaction takes place, desorption of BSA and cBSA will be
minimal. Although not observed for the AuNP, it is reported in literature that BSA molecules
once undergone structural rearrangements after adsorption on the anionic silica nanoparticles

do not desorb from the surface®°.
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Figure 4. Primary interaction between gold nanoparticles (AuNP) and proteins. Interaction energy maps
for A) AuNP-BSA interaction and B) AUNP-cBSA interaction. The interaction energies were calculated
at different pH values using xDLVO theory. The interparticle distances for calculations was equal to
the Debye length corresponding to the ionic strength of the media. Alongside images show ratio plots
of different interaction energies to total interaction energy. The independent contributions from
Electrostatic (EL), Lifshitz-van der Waals (LW), and acid-base (AB) interaction energies along with
contribution from Brownian Motion (BM) of AuNP are shown. The interpretation of the plot is as
follows: red region on interaction energy plot (IEREP) and corresponding red region in ratio plot
(RatioREP) indicates that LRIs are energetically favorable, however, the interaction is energetically
unfavorable. IEB-YE and RatioREP indicates that LRIs are energetically unfavorable and the interaction
is favorable. IEREP and Ratio®YF indicates both the contribution of LRIs and interaction are
energetically unfavorable. IEB-VE and Ratio®YE indicates both the contribution of LRIs and interaction
are energetically favorable.
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Figure 5. Temperature dependent changes in the secondary structure elements of proteins in native and
gold nanoparticle (AuNP) bound state. The percentage of secondary structure elements at different
temperatures was estimated by fitting the circular dichroism data using DichroWeb. The percentage
secondary structure components in terms of helices, sheets, turns and unordered structure are reported
for A) BSA; B) BSA in presence of AuNP; C) cBSA; and D) cBSA in presence of AuNP. The error
bars represent sample standard deviation for three independent measurements.

Further, we also studied the structural integrity of protein in presence and absence of
nanoparticles using circular dichroism (CD) spectroscopy. The CD spectra of BSA and cBSA
in presence and absence of AuNP was collected after 24 hours of incubation and the curves
were fitted to a reference dataset on DichroWeb using a CONTIN algorithm®?. Figure S7 shows
two dimensional plots of change in ellipticity of proteins as a function of wavelength and
temperature in presence and absence of AuNP. We observed that there was no significant
difference in the secondary structure of native proteins after 24 hours of incubation (Figure 5
and Table S3). However, in presence of AuNP, we observed a statistically significant
difference in the content of helices, sheets, and unordered structures of cBSA, whereas, in case

of BSA we only observed a significant change in unordered structures (Figure 5 and Table
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S3). Moreover, temperature alone significantly explained the variance of the data in heat-
melting of BSA in presence of AuNP, whereas, for cBSA the effect of both temperature and
presence of AuNP influenced the variance of the data (Table S4). Therefore, we concluded that
the interaction between cBSA and AuNP perturbed the secondary structure of cBSA. Our
results are consistent with reports of BSA adsorption on planar surfaces which have
demonstrated an increase in the B-sheet content at the expense of helical content.5? Moreover,
the increase in the B-sheet content in case of adsorption of peptides on planar surfaces is
primarily due to an interplay between the hydrophobic and electrostatic interactions.5

We further studied the thermodynamics of structural rearrangements of proteins in presence of
AUNP by studying protein melting using changes in the ellipticity at 222 nm as a function of
temperature.4 We observed a significant change in the enthalpy, entropy, and melting
temperature of cBSA in the presence of AuNP, whereas, no such changes were observed for
BSA (Figure S7). We also calculated the difference in the energy required for the denaturation
of native proteins in presence or absence of AUNP. We observed that in case of cBSA there
was a significant energy difference indicating a loss of secondary structure as a result of
interaction with nanoparticles. This indicated that due to the loss in secondary structure, cBSA
required a lesser amount of heat for denaturation in the presence of AUNP. To correlate xDLVO
calculations and CD spectroscopy data, we estimated the free energy of melting required for
BSA and cBSA in presence and absence of AuNP at 25 °C for 10 mM NaCl concentration
(Table 2). The primary interaction energy calculated between AuNP and proteins also
indicated that under the studied conditions, the interaction between cBSA-AuNP was
favorable, whereas, that between AuNP-BSA was unfavorable. The primary interaction energy
was able to compensate for the energy required for the unfolding of cBSA. Therefore, cBSA
showed a change in the secondary structure on interacting with AuNP, whereas, the secondary
structure of BSA remained unaffected indicated that EL interaction played a significant role in
primary interaction energies. Taken together, these results demonstrate the significant role
played by LRIs at the nano-bio interface in both binding and structural alteration of adsorbed

proteins.
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Table 2. Free energy required for the denaturation of BSA and cBSA at 25 °C.

Sample AG,, AAG,, AGine
BSA 2.80 - -

0.022
BSA + AuNP 2.73 0.063

(EL =0.794; LW =-0.163; AB =-0.609)

CBSA 2.13 - -

-1.675
cBSA + AuNP 0.86 1.279

(EL =-1.003; LW =-0.164; AB = -0.508)

AG,, is the Gibbs free energy required for protein unfolding at 25 °C in kJ mol calculated using CD spectroscopy

data.; AAG,, — Difference in Gibbs free energy required for protein unfolding between native and AuNP
associated proteins in kJ mol,AG;,,, — Primary interaction energy between protein and AuNP calculated using
xDLVO theory for pH 7.0 and ionic strength of 10 mM NaCl. (EL- electrostatic interaction, LW-Lifshitz-van der

Waals interaction, AB — acid-base interaction).

Conclusions. We have developed a framework based on biphasic partitioning which enabled
us to estimate surface tension components of nanoparticles and biomacromolecules suspended
in an aqueous suspension. We also developed an experimental framework for estimating the
interfacial environment of each phase of ABS and correlated it to the biphasic partitioning. The
developed framework is suitable for deciphering the role of LRIs in establishing a nano-bio
interface. The experimental validations strengthen the potential of the developed framework to
predict the biological behavior of nanoparticles. Moreover, the developed framework is simple,

inexpensive, and does not require high-end equipment or extensive sample preparation.

However, there remains a need to develop new biphasic systems for partitioning of larger
nanoparticles to increase the scope of the work. The lack of theories for interfacial interactions
at the nanoscale is the biggest hindrance to developing an interfacial interaction-based
fundamental understanding of nano-bio interfaces. Although, the xDLVO theory provided
experimentally verifiable results for the interplay between LRIs at nanoscale interactions,
however, it only enables the study of only simple interactions either between nanoparticles or
nanoparticle and single protein. The xDLVO theory cannot explain the stochastic information
about the interaction of nanoparticles with multiple proteins which is essential for developing
a fundamental understanding about the biomolecular corona formation. Collectively, results
presented in this manuscript highlight the importance of the developed framework in predicting
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the biological behavior of nanoparticles. Therefore, the developed framework has a far-
reaching impact on nanomaterial screening for biomedical applications as it might facilitate the
selection of nanomaterials for biomedical applications by identifying nanomaterials causing
adverse biological effects due to their propensity to adsorb certain biomacromolecules.
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