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Abstract

The identification of the factors that dictate the formation and physicochemical properties of
protein-nanomaterial bioconjugates are important to understand their behavior in biological systems. The
present work deals with the formation and characterization of bioconjugates made of the protein
hemoglobin (Hb) and gold nanoparticles (AuNP) capped with three different molecular layers (citrate
anions (c), 6-mercaptopurine (MP) and w-mercaptoundecanoic acid (MUA)). The main focus is on the
behavior of the bioconjugates in aqueous buffered solutions in a wide pH range. The stability of the
bioconjugates have been studied by UV-visible spectroscopy by following the changes in the localized
surface resonance plasmon band (LSRP), Dynamic light scattering (DLS) and zeta-potential pH titrations.
It has been found that they are stable in neutral and alkaline solutions and, at pH lower than the protein
isoelectric point, aggregation takes place. Although the surface chemical properties of the AuNPs confer
different properties in respect to colloidal stability, once the bioconjugates are formed their properties are
dictated by the Hb protein corona. The protein secondary structure, as analyzed by Attenuated total
reflectance infrared (ATR-IR) spectroscopy, seems to be maintained under the conditions of colloidal
stability but some small changes in protein conformation take place when the bioconjugates aggregate.
These findings highlight the importance to keep the protein structure upon interaction with nanomaterials

to drive the stability of the bioconjugates.
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1. Introduction

The interaction of nanomaterials (NMs) with the biological environment is mainly studied to understand
their in vivo behavior and to help in the rational design of drug delivery systems, being the interaction of
NMs with biomolecules of fundamental interest [1]. It is accepted that protein adsorption takes place as
soon as the NMs contact the biological milieu producing changes in the biological identity of the NMs as
the surface is surrounded by a corona of proteins. This protein corona acts as the primary antenna and
interacts with the biological machinery for further cellular interactions [2-4]. The concept of protein
corona that was first defined by Dawson and coworkers [5-7] states that when the NMs are dispersed in
a biological system, they are readily covered by a dynamic coating of biomolecules, mainly proteins. The
protein corona is not spatially homogeneous. The inner layer (hard corona) exchanges slowly with the
proteins in solution but the external layers (soft corona) are composed of weakly bound proteins that



exchange very fast [8]. Recently, however, a new concept brings about the idea that the protein corona is
more complex than it was thought and it is established rapidly, and their formation more likely occurs to
varying degrees for all kind of NMs [9].

In the context of NMs, plasma and serum are the most widely studied biological systems because blood
is the primary travelling fluid when NMs are applying to living organisms. One important point is that the
biological signals of the surface-adsorbed proteins remains elusive with regard to whether the
conformation of the adsorbed proteins is different from that of its native state [10]. The three-dimensional
conformation of the different proteins on NMs are presumably different from their native states, but how
this uncharacterized discrepancy for either a single protein or a combination of protein libraries affect the
NM-cell and NM-body interactions remain to be explored [1, 2, 11, 12]. In fact, the lack of knowledge of
the interactions between NMs and the physiological environment such as blood and interstitial fluids is
one of the main reasons why the clinical setting of these systems is not yet established [13]. The biological
fluids are composed of electrolytes, proteins, lipids, and metabolites, and all these components can adsorb
onto the surface of the NMs [4, 14-18]. The new layers that surround the NM shields the original surface
properties and alter the size and composition providing the NPs with a new biological identity [3, 17, 19].

The widespread applicability of gold nanoparticles (AuNPSs) is due to the unique size-dependent
chemical, physical and optical properties they exhibit, along with the ease in which they can be
functionalized by biological relevant chemistries [20]. The precise design of AuNPs for the efficient
incorporation in biological milieu is necessary to understand how these materials and their properties are
altered and, how the components of the biological milieu respond to their presence. Therefore, the
fundamental physicochemical description of the gold-bio interface should be known. This knowledge
includes the conformation of the proteins that form the hard and, when possible, the soft corona.
Moreover, the development of new strategies to create NPs with predictable/controllable biological
identity by coating with specific proteins is a promising way to control corona formation, mainly via
protein-protein interactions, and enhanced targeting by recruiting proteins from biological milieu. In this
sense, the optimization of nanoparticle surface properties by either protein-pre-coating or specific
chemical modifications can gain in accessibility of their active sites to the cell receptors.

In general, because of the size and route of administration, NPs can easily reach the bloodstream and
the first biological entity they encounter are red blood cells (RBCs). Zhao et al [21] have found that silica
NPs of different sizes and surface properties interact with human RBCs yielding toxicity, first for the
binding of the silanol-rich surface of the NPs to the phosphatidylcholine molecules present on the cell
membrane, and then by producing the bending of the membrane to adapt to the rigid surface of silica,
which caused cell disruption. Although the formation of the protein corona on the NPs upon contact with

the blood fluids mitigate or suppress hemolysis, there is no information of how much protein is necessary



or how intrinsic proteins as Hb contribute to this phenomenon. In this sense, an elegant study of SERS
spectroscopy on the interaction of gold and silver nanoparticles with RBCs [22] indicates the interaction
of nanoparticles with these cells as well as the Hb proteins and other red blood cell components. The
authors conclude that the use of this spectral information will help to learn more about the role of the
erythrocyte membrane in nanoparticle uptake.

Thus, it is of great interest to study the interaction of Hb with different NPs and this protein has been
chosen in the present study as a case for the characterization of protein-AuNP biochemical complex. There
have been previous attempts to study the bioconjugates formed with Hb and gold or silver nanoparticles
[22-28] but any of them have addressed the behavior in aqueous solutions under different pH conditions
to examine the stability against aggregation. In the present work, we carried out the study of the
bioconjugates formed upon mixing Hb with AuNPs protected by citrate anions (c), 6-mercaptopurine
(MP) and m-mercaptoundecanoic acid (MUA). The characterization of the bioconjugates is performed by
using spectroscopic techniques such as UV-visible and ATR-IR, dynamic light scattering and zeta-
potential measurements. We are interested in the evaluation of the stability of the bioconjugates formed
with surface-protected AuNPs with different chemical identity, the possible conformational changes in
the protein structure upon interaction with the nanoparticles and how these features are influenced by the

solution pH.

2. Experimental Section

2.1.Reactants.

Hb, from bovine blood, MP, MUA, Hydrogen tetrachloroaurate trihydrate and semiconductor grade
purity sodium hydroxide were purchased from Sigma-Aldrich. The rest of the reactants were from Merck
analytical grade. All solutions were prepared with deionized water produced by Millipore system.

2.2.Synthesis of CAuNPs.

The synthesis of cAuNPs (15 nm diameter, Figure Sl-1) has been carried out by following a classic
method [29] consisting of the reduction of HAuCI4 by citrate anions in an aqueous medium. The synthesis
of MP-AuNPs and MUA-AUNPs has been carried out by adding a 10-fold excess of either MP or MUA
to a CAuNPs alkaline aqueous solution. The samples of MP- and MUA-AuUNPs were dialyzed against a
10 mM NaOH solution to remove the excess of reactant. The formation of the self-assembled monolayer
concomitant to the displacement of citrate ions from the AuNP surface has been demonstrated by FT-IR
spectroscopy [30, 31].

2.3.Formation of the Bioconjugates.

To avoid aggregation, the bioconjugates have been formed by mixing the appropriate amounts of

AUNPs and protein in aqueous solution at pH 12 and incubating at a temperature of 4 °C for at least 30



min. The stock solutions of the bioconjugates are then used for the different experiments by diluting in
the buffer of interest or centrifuging to get more concentrated preparations. The studies of the influence
of pH have been carried out by titration experiments starting at pH 12.

2.4.Characterization Techniques.

The absorbance spectra were recorded using a Jasco V-670 UV-vis—NIR spectrophotometer. ATR
infrared spectra were recorded on a JASCO 6300 FTIR single (He-Ne) laser beam spectrometer in the
1000-4000 cm™* wavenumbers range, and the data were acquired by the integrated software (Spectra
Manager). A variable angle specular reflectance accessory (Pike Technologies-VeeMAX™) assembled
in the FTIR spectrometer compartment enabled samples to be analyzed at different beam incident angles.
A germanium crystal with an orientation of 60 ° was used. The spectra were collected using an uncooled
single element DTGS—detector. Then, a total of 256 spectral scans were averaged at a spectral resolution
of 2 cm™ in the frequency window of 4000 to 1000 cm™. First, after baseline corrected, the spectra were
selected in the amide | region (i.e., 1600-1700 cmt). Then, the spectra were processed calculating second
derivatives, and the obtained peaks frequencies as well as accepted literature data were used to fit using
Gaussians functions [32-34]. A multiple peak fitting technique using Micro Cal Origin 7.0 was employed,
that includes the width, area and frequency position of all bands as fitting parameters. This
multicomponent fitting allows us to identify different components and the corresponding peak
frequencies. The percentage area of the deconvoluted peaks gives the relative amounts of the components.
Prior to the measurements, the interferometer and the sample compartments were purged with a dry and
free COz air flux of 8 L/min, supplied by a compressed air adsorption dryer (K-MT LAB, Parker/Zandet
GmbH&Co.KG).

Dynamic light scattering (DLS) and Zeta-potential analysis were performed to evaluate the
hydrodynamic diameter and surface charge of AuNPs in the absence and presence of Hb at room
temperature using Malvern Zetasizer Nano, ZSP with 633 nm He—Ne laser, equipped with a MPT-2
Autotitrator. The measured data are the average of at least 20 runs. The average hydrodynamic diameter

and mean zeta potential of each sample were computed using the software provided by the manufacturer.

3. Results and Discussion

3.1.UV-visible spectroscopy.

The modification of the surface of cAuNPs through SAM by using mercapto-derivatives such as MP
and MUA brings about changes in the LSPR band position of several nanometers (Figure SI-2) due to the
change in the dielectric constant of the media surrounding the AuNPs [35]. When the molecular layer
formed around the AuNP is thicker, as it is the case for the protein corona formed in the biological media,

the displacement is also observed but it is not larger than that obtained in the presence of the SAM. In



fact, the changes observed when the protein Hb is added to the AuNPs solution is of around 6 nm, as it
has been observed with other proteins [36, 37]. Figure 1 shows the spectra obtained for a solution of
CAUNPs in the presence of increasing concentrations of Hb. When the Hb/cAuNP molar ratio is 200/1,
the LSPR band reach a shape that is kept constant upon further protein additions. The small displacement
observed in the LSPR band is taken as a first proof that the protein corona has been formed [36, 37]. The
signal observed at 406 nm corresponds to the Soret band of Hb that is typical for the met-Hb that is the

stable species in 10 mM phosphate buffer at pH 7.4.
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Figure 1. UV-visible spectra of Hb-cAuNPs at different Hb/cAuNPs molar ratios, in phosphate buffer 10
mM at pH 7.4.

We use the molar ratio of 200/1 in further experiments to warrant that the protein corona is formed and
to avoid the influence of bigger amounts of free protein in the spectra. We have observed a similar LSPR
band displacement when the bioconjugates are formed by MP- and MUA-AUNPSs, and the saturation molar
ratios are also reached at values close to 200/1.

To get more insight into the nature of the bioconjugates formed, the influence of the medium pH has

been analyzed for the three bioconjugates. In Figure 2, the displacements of the LSPR bands in the absence

and presence of protein are plotted.
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Figure 2. Changes in the LSPR wavelength as a function of solution pH. (a) CAuNPs; (b) MP-AuNPs; (c)
MUA-AUNPs; Red: AuNPs; Blue: Hb-AuNPs. The pH titration has been made at a molar ratio Hb/AuNP
of 200/1, in 10 mM phosphate buffer.

The AuNPs either stabilized by citrate anions or mercapto-derivative molecules behave very differently
in respect to the LSPR wavelength band displacement and the inflection point for flocculation. It can be
said that they obey to the chemistry of the protected layer [37]. However, the corresponding bioconjugates
show a very similar pattern. In fact, LSPR shifts of 38, 32 and 34 nm and inflection points of 6.3, 6.5 and
6.5 for the bioconjugates formed with c-, MP- and MUA-AUNPs, respectively, are found. These features
are indicative of the formation of a Hb corona on the AuNP surface which global structure is independent
on the nanoparticle surface modification and the aggregation phenomena only takes place after changing

the global charge of the bioconjugate.
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Figure 3. Changes in the Soret wavelength band of: Red: free Hb; Black: Hb-cAuNPs; Green: Hb-MP-
AUNPs. Blue: Hb-MUA-AUNPs. The pH titration has been made at a molar ratio Hb/AuNP of 200/1, in
10 mM phosphate buffer.

Some aspects related to the Hb conformation are worthwhile to consider in these experiments. One of
the most characteristic features of the Hb protein is the position of the Soret band that, for met-Hb is of
405 nm. In this species, the heme iron is in a six-coordinated high spin complex, being the sixth position
occupied by a H2O molecule. As it can be seen in Figure 3, the Soret band is kept at 405 nm from mild
acid to basic conditions, where a change to 411 nm is observed with an inflection at pH ~ 9. This change
is produced by the dissociation of the H.O molecule to OH"[38]. We have measured the changes in the
Soret band of Hb bound to the AuNPs and only in the case of the bioconjugate formed by MUA-AUNPs,
the Soret band increases at neutral pH describing an inflection at 7.7, more than one pH unit lower than
the free protein. However, upon the dissociation of the heme coordinated water molecule, the wavelength
decreases and reaches the value of 407 nm. In the case of the Hb-cAuNP and Hb-MP-AuNP, the change
in the Soret band takes place at a pH value close to the free protein although the final value is lower and
coincides with this of the Hb-MUA-AUNP bioconjugates. As these changes are only related to the
structure of the heme region, they could indicate that the orientation of the proteins in the corona external
layer protects the heme environment against the changes with the solution pH. In this sense, the different
behavior observed for the Hb-MUA-AUNPs bioconjugates could be explained by a different orientation
of the protein probably due to the higher negative charge density on the MUA-AUNPS in comparison to
c- and MP-AuNPs surfaces in the middle pH range.

3.2.Dynamic light scattering (DLS) and zeta-potential measurements.

DLS technique can be readily used as a tool to reveal the formation of the Hb-AuNP bioconjugates and
to detect the existence of any aggregation phenomena. Thus, a pH titration experiment has been carried
out by recording the hydrodynamic diameter (Dn). As it is observed in Figure 4, the size of the CAUNPS
is kept constant from alkaline to weakly acid medium. At pH lower than 5, the size suddenly increases
indicating the formation of big aggregates. If the dissociation pK of the citrate anions are taken in mind,
the reduction in negative charge produced upon lowering the solution pH, can provoke either the decrease
of repulsion forces or the desorption of citrate anions from the AuNP surfaces [39]. The bioconjugates
follow a similar trend, with a larger Dy value than this of the cAuNPs, indicating protein corona
formation. However, aggregation takes place suddenly at pH 6. This is in agreement with the UV-Visible
results that show the displacement of the LSPR band at higher wavelengths in this pH interval. In a first
step, higher sizes of aggregates are measured but, after decreasing pH, the size start to decrease describing



a decay curve that becomes stationary at acid pH. This effect that is also observed with the CAUNPS
although in a lower extension is, in fact, only an apparent result. A comparison to the UV-visible spectra
of the bioconjugates in this pH range makes clear that the absorbance of the LSPR band at pH 3 decreases
in respect to these recorded at pH 5 and 8. The explanation of this effect can be that the bigger aggregates
formed precipitate, and the spectrum at pH 3 as well as the diameter measured by DLS only correspond
to the aggregates that remain in solution that are these of lower size.

From these results, we can conclude that the bioconjugates are formed and are stable in alkaline and

neutral solutions. At lower pHs they aggregate, continuing in solution only those of smaller sizes.
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Figure 4. DLS (lower panel) and zeta potentials (higher panel) obtained in the titration of cCAUNPs, Hb
and Hb-cAuNPs as a function of pH. Insert: UV-visible spectra of the bioconjugates at different pHs
under the same experimental conditions. The colored arrows in the titration curves correspond to the

different pH of the spectra.

We have also measured Zeta-potential of these samples. Starting with the free protein, a negative value
of -34 mV is obtained in alkaline aqueous solution that slowly changes to positive values (+32 mV) with
an isoelectric point (IP) of 6.3 in agreement with literature data for the Hb protein. The cAuNPs also show
a negative value of -50 mV in alkaline media where the capping citrate anions are completely dissociated.
This value is maintained up to pH values where the citrate anions are neutralized (IP 3.8). Finally, the

bioconjugates Hb-cAuNPs show an intermediate behavior changing from -44 mV in alkaline to +35 mV



in acid media. The IP obtained for the bioconjugates is 4.9, more than one pH unit lower than that of the
free protein, indicating that the positive charges of the protein are somewhat neutralized or hidden upon
protein corona formation.

It is interesting to note that the bioconjugates start to aggregate upon the Zeta-potential increases and
that the aggregates formed are one order of magnitude larger than the isolated bioconjugates that are stable

at neutral and alkaline pH (Scheme 1).

Alkaline media

Acid media

Scheme 1

3.3.Infrared characterization.

IR spectroscopy is a highly sensitive tool for examining proteins secondary structure and this is probed
by the study of the characteristic amide | and amide 11 bands. Whereas the amide | band (1600-1700 cm
1y is attributed to the C=0 stretching vibrations of peptide linkages in the protein backbone, the amide 11
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(1500-1600 cm™) results form a combination of N-H bending and C-N stretching vibrations. The amide |
is sensitive to the peptide secondary structure like a-helices, B-sheets and B-turns as the corresponding

band energies depend on the hydrogen bond strength between the amide units [32, 33, 40].
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Figure 5. Deconvoluted ATR-IR spectra of Hb and Hb-cAuNPs at pH 7.4 and pH 4.0. (Hb) = 1.5 pM;
(cAuNP) = 5 nM.

Native Hb molecules show IR bands at 1651 and 1545 cm* for amide | and amide 11 bands, respectively
(Figure SI-3), with an intensity ratio amide 1I/I1 of 1.2. Because amides | and Il vibration modes are
approximately perpendicular to each other, the ratio of these two band intensities gives a way to
qualitatively assess the conformation/orientation changes of the protein [33, 41, 42]. Upon bioconjugate
formation, the amide | band does not change appreciably but the amide 11 shows an increase in intensity
giving intensity ratios of 1.1, 1.05 and 1.05 for the bioconjugates formed by MUA-, c- and MP-AuNPs,
respectively. The similarities within the bioconjugates and with the free protein are indicative that the Hb
conformation do not change upon binding to the AuNPs.

For IR spectroscopy analysis, the bioconjugates have been formed by using a protein/nanoparticle molar
ratio of 300/1. Under these conditions, most of the Hb monitored should be bound to the AuNPs and the
interference of free protein is avoided. We have analyzed the amide | band by a non-linear fitting process
by using Gaussian curves. The parameters have been selected by self-deconvolution and second derivative
analyses. In all the cases studied the chosen parameters agree with literature reports: 1651-1658 cm™, a-
helix, 1618-1642 cm™, p-sheet, 1666-1688 cm™, turns, 1618-1623 cm™ (T), intermolecular aggregates
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(A1), 1683-1689 cm, intramolecular aggregates (A2) [32]. The increase in the A1 motif can be facilitated
in a crowded environment. In fact, as the hydrogen bonds can be formed between C=0 and N-H groups
of any polypeptide strands with which they come into contact, the consequence is that, when the proteins
come together upon binding to the nanoparticle surface and form the protein corona, more hydrogen
bonds between polypeptide chains in neighboring protein molecules can be formed without provoking
protein unfolding [43].

Figure 5 shows the deconvoluted spectra corresponding to the free Hb and the Hb-AuNPs in 10 mM
phosphate buffer at pH 7.4 and 4.0. There are minor differences in the parameters obtained in the fitting
procedure (Table 1). In fact, the bioconjugates are very stable in solution at pH 7.4 (Figure 2, 3) and, no
big changes in the protein structure are expected. However, if the bioconjugates are formed at pH 4.0, the
system experiments some mildly aggregation. As it can be seen, the amide I signal for the bioconjugates
at pH 4.0 is around 2.5-fold enhanced in respect to the signal corresponding to the free protein at the same
concentration. This enhancement is due to a SEIRAS effect produced both for the interaction of the protein
with the AuNP in the bioconjugate and for the presence of aggregates that form a nano-structured system
near the Germanium crystal surface. The second fact that is absent at pH 7 should be the reason of the
absence of SEIRAS effect under these conditions.

Table 1. Parameters obtained in the deconvolution of IR spectra of the Hb and Hb-cAuNPs bioconjugates

at pH 7.4 and 4.0, shown in Figure 5.

Wavenumber Position fwhm % Area

pH 7.4 pH 4.0 pH 7.4 pH 4.0 pH 7.4 pH 4.0
Conformer | Hb Hb- Hb Hb- Hb | Hb- Hb | Hb- Hb | Hb- Hb | Hb-

CAUNPs CAUNPs CAUNPs CAUNPs CAUNPs CAUNPs

Al 1610 | 1610 1606 | 1610 30 | 22 23 | 30 83 |55 11.4 | 17.7
B 1630 | 1629 1625 | 1630 21 | 16 19 |21 10.4 | 10.3 119 | 21.8
o 1653 | 1651 1651 | 1655 27 | 28 32 | 25 66.8 | 70 68.8 | 46.2
T 1676 | 1659 1678 | 1675 15 | 20 15 | 15 10.7 | 9.1 16 |56
A2 1689 | 1683 1690 | 1690 15 | 15 17 | 18 38 |51 6.3 | 87

Apart of this enhancement effect, a small change in the shape of the amide | band can be observed. In
fact, the deconvolution analysis (Table 1) indicates that the proteins forming the bioconjugates at pH 4,
loose some of the a-helix structure while small increases in the B-sheet content together with the Ax

component are observed. The later effect can be the result of the stronger inter-protein interactions
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probably through hydrogen bonds between the exposed chains of the individual Hb molecules in the
aggregate state. It is interesting to note that the a-helix content does not significantly change in contrast
with the important transformation from a-helix to -sheet observed in the case of the bioconjugate Hb-
silver NP [43].

4. Conclusions

The concept of protein corona has evolved in the last years as a new paradigm in the use of
nanomaterials in biological systems and, in particular, in nanomedicine [3, 4, 13, 15, 44-47]. Many papers
have dealt with the characterization of the formed bioconjugates addressing it under some specific
experimental conditions [25, 36, 43]. However, one of the most important aspects in the behavior of these
bioconjugates is the possible changes in the protein conformation upon interaction with the nanomaterials
and how these changes affect their stability in a wide range of aqueous environments. In this sense, we
have analyzed the experimental conditions where the bioconjugates of AuNPs stabilized by different
capping agents (c-, MP- and MUA-) [30, 31, 48] and the protein Hb are stable in solution or form
aggregates. Although the three surface-protected AuNPs show different stability profile depending on the
chemical nature of the protecting molecules [37], the bioconjugates are very alike. The aggregation of the
bioconjugates starts at the isoelectric point of the protein, independently of the capping ligand of the
AuUNPs. UV-visible spectroscopy, dynamic light scattering and zeta-potential measurements agree with
this observation. This is a further evidence of the protein corona formation and an indication of the
chemical identity change of the AuNP in the presence of proteins [3].

The protein conformation does not change upon interaction with the nanoparticle in the pH range where
the bioconjugate remains stable in solution. However, a small change in secondary structure, as seen by
ATR-IR spectroscopy, is observed when the bioconjugates form aggregates at lower pH.

The systematic characterization of AuNPs bioconjugates formed with a model protein as Hb can help
in understanding the role of the protein corona in biological fluids and suggests that, when the chemical
functionality of the nanoparticle surface is appropriate, the conformation of the proteins do not necessarily

change upon adsorption.
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