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Abstract

When a nanomaterial enters a biological system, proteins adsorb onto the particle surface
and alter the surface properties of nanoparticles, causing drastic changes in physico-
chemical properties such as hydrodynamic size, surface charge and aggregation state, thus
giving a completely new and undefined physico-chemical identity to the nanoparticles. In the
present work, we study the impact of the protein identity (molecular weight and isoelectric
point) and the environmental conditions (pH and ionic strength) on the final physico-chemical
properties of a model nanopatrticle system, i.e. gold nanoparticles. Gold nanoparticles either
form stable dispersions or agglomerate spontaneously when mixed with protein solutions,
depending on the protein and the experimental conditions. Strikingly, the agglomerates
redisperse to individually dispersed and colloidally stable nanoparticles, depending on the
purification pH. The final protein coated nanoparticles exhibit specific stabilities and surface
charges that depend on protein type and the conditions during its adsorption. By
understanding the interactions of nanoparticles with proteins under controlled conditions, we
can define the protein corona of the NPs and thus their physico-chemical properties in

various media.



Introduction

Safe use of nanomaterials in industrial and life science applications requires to
fundamentally understand and to control the interactions of nanomaterials with biological
systems. 7 These interactions strongly depend on the physico-chemical properties of the
nanomaterial (including colloidal stability, surface charge and wettability) and the
physiological parameters in the biological system. In cells and organisms, the situation
becomes complex, because the environmental conditions (such as pH, ionic strength,
temperature) and composition (presence of various solutes and biomolecules) can differ from
compartment to compartment.” When a nanomaterial enters a biological system, its surface
is immediately covered by biomatter, usually proteins.'? Proteins adsorb onto the particle
surface forming an undefined protein ‘corona’.*® The adsorbed proteins alter the surface
properties of nanoparticles (NPs), cause drastic changes in the physicochemical properties
such as hydrodynamic size, surface charge and aggregation state, and give a new and
unknown physico-chemical identity to the NPs. This physico-chemical identity determines the
particles’ fate in biological systems mediated by their interaction with biomolecules and
membranes in various physiological environments.” Deeper understanding of the nuances of
NP bonding within biological environments is required to advance their applicability in life
science applications, but also to foresee their long-term fate in human body and
environment.? Here, we investigate the interactions of NPs with proteins under controlled
conditions to ultimately describe, explain, and control the protein corona of the NPs and thus

their final physico-chemical properties.

Gold NPs in combination with proteins have been used as colorimetric detectors of
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proteins, to study proteins’ structural conformation,® ** protein kinetics and their
chemical modifications.® ** In terms of medical applications, they have been used as specific
targets and for the delivery of drugs and biomolecules.’**® In all of these applications, it is
paramount to maintain the stability of colloidal gold solutions by suppressing aggregation.

Stability depends on the interplay of a) the nanoparticle surface chemistry (nanoparticle



identity), b) the properties of the protein (protein identity i.e. molecular composition,
molecular weight (MW), isoelectric point (pl), folding) and c) environmental parameters
(environmental identity, i.e. solvent, pH, ionic strength, temperature). For example, gold NPs
have been mixed with proteins such as bovine serum albumin (BSA), human serum albumin
(HSA), ovalbumin (Ova), insulin (Ins), B-lactoglobulin (BLG), lysozyme (LYZ), and
trypsinogen (Tg).}”*® Depending on the protein identity (pl and MW) and the experimental
conditions (environmental identity: pH, concentrations, ionic strength), either stable particle
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dispersions or particle aggregates'’' 2%

are obtained, which can easily be
demonstrated in the case of gold NPs by the color change of dispersions. The aggregation

process can be easily monitored by the shift and broadening of the LSPR band.

Proteins are usually dissolved in pH controlled buffer solutions (phosphate” 2?* TRIS,?
borate,?® hepes® or at physiological conditions (pH 7.4)), and effects of the ionic strength and
pH of the media have to be considered. For example, Chen et al.*® mixed a series of proteins
such as ribonuclease A (Rib), cytochrome C (cyt C), Tg, a-chymotrypsinogen A (a-Chy),
myoglobin (Myo), hemoglobin (Hb), Conalbumin (CA), a-lactalbumin (a-Lac), Ova, BSA, B-
casein (B-Cas), glucose oxidase (GO), and Ins with citrate-coated gold NPs (Au@Citrate) in
10 mM glycin at pH 7 and observed immediate aggregation for all the high-pl proteins,
including Hb. They suggested the electrostatic interactions between the positively charged
proteins and the negatively charged NPs to cause agglomeration. On the other hand,
Garabagiu et al."® mixed Hb with Au@Citrate NPs in 100 mM phosphate buffer and observed
strong binding of Hb without signs of aggregation. Hydrophobic interactions were invoked to
explain adsorption. A recent study® revealed that Au@Citrate NPs agglomerate in the
presence of Hb at acidic pH (pH 4), but in different manners, depending on the ratio between
the NPs and the protein. Depending on the concentration ratio [Hb]/[Au@Citrate], the mixture
remained stable, agglomerated and precipitated, or formed stable dispersions of hybrid
AuNP:Hb clusters. It was suggest that agglomeration was caused either by particle bridging
or by electrostatic destabilization from the oppositely charged Hb and sufficiently high protein

concentrations lead to the formation of stable particles and clusters.”



We previously reported on extremely stable, protein-coated gold NPs (Au@Protein
NPs)**?® and gold nanorods.”® We were able to adsorb moderate-pl proteins such as Ins,
BSA, BLG and Ova onto gold NPs of different surface chemistries.?**° The resulting particles
exhibited extremely high colloidal stability, and reversible agglomeration/disagglomeration
behavior indicated strong binding of proteins to the gold surface. Although indications about
the interrelationship between the nanopatrticle identity, protein identity and the environmental

identity exist,?® *°

a systematic study of the interactions between Au(metal) NPs and proteins
has not been reported so far. In this study, we seek to understand what governs the
interactions of proteins with Au NPs, to describe and explain the mechanisms of protein

corona formation, and to ultimately control the physico-chemical properties of Au@Protein

NPs.

Nanoparticle identity comprises the particle size, shape, core material and coating
material. The first two can be adjusted precisely during the synthesis of the nhanomaterials.
Core material and coating material define the surface chemistry and the interfacial properties
of the particles that are relevant for the interactions between proteins and particles and the
adsorption of proteins to the particle surface. From the plethora of various types of organic
and inorganic particles consisting of polymers such as latex,** hydrogels,* oxides (Fe;O4,
Si0,),® sulfides (CdTe/CdS, ZnS),** or metal NPs, AuNPs qualify particularly well for
studying such interactions because of their plasmonic properties. They exhibit a localized
surface plasmon resonance (LSPR) band, which can be excited in UV-Vis-NIR spectral
range. The LSPR is highly sensitive to size, shape and inter-particle distance and depends
on the refractive index of the surrounding media. The sensitivity of the NPs to the changes in
surrounding medium and the inter-particle distance has been used as optical tool for
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detecting material adsorption events and aggregation events induced by the material

adsorption to particles.?



Nearly all types of NPs bear organic coatings during and after the synthesis, such as
small charged molecules, surfactants or polymers, which are essential for the size and shape
control but also for their colloidal stability. For studying the adsorption interactions of proteins
onto NPs, it is reasonable to use NPs that bear neither stealth coatings (e.g. PEG)*" nor
coatings such as surfactants (e.g. CTAB)® that interact with proteins, and thus distort the
protein-particle interactions ambiguously. Citrate has proved to be a versatile and simple
stabilizing agent for various types of NPs, including metal and metal oxide NPs. The
negatively charged citrate shell with its large, negative C-potential (- 35 mV) sufficiently
stabilizes the particles via electrostatic repulsion, preventing particle aggregation. Citrate
binds weakly enough to the particle surface and therefore can be easily replaced with
macromolecules, allowing for subsequent surface functionalization with surfactants, polymers

and even proteins.

The protein identity is the other essential in the interactions of proteins with NPs. The
intrinsic properties of proteins differ from species to species, depending on their biological
function. Proteins differ in their molecular weights, isoelectric point, and display different
domains, which can be negatively or positively charged or even hydrophobic, depending on
their chemical composition and 3D-structure. Thus, different proteins may interact differently

with the same kind of NPs.

For the electrostatic interactions between proteins and NPs the charge of the protein and
that of NPs will play a significant role, which of course depends on the environmental
parameters such as pH, ionic strength and temperature of the dispersion media. Hence, for
properly studying the protein particle interactions, the environmental identity of the system

has to be carefully selected as well.

Herein, we systematically studied the impact of two parameters, protein identity and
environmental identity, on the colloidal stability of protein-coated NPs and on the robustness

of the final protein corona, while keeping the third parameter, nanoparticle identity, constant.



Experimental Section

Chemicals: Gold(lll) chloride trihydrate (= 99.9%), trisodium citrate dehydrate (= 99.9%),
phosphate buffered saline (PBS), conalbumin type | from chicken egg white (CA), B-
lactoglobulinfrom bovine milk (BLG), Lysozymefrom chicken egg white (LYZ), pepsin from
porcine gastric mucosa (Pep), bovine serum albumin (BSA), human hemoglobin (Hb),
ovalbumin from chicken egg white (Ova), cytochrom C from bovine heart (cyt C),
recombinant human insulin (Ins), and trypsinogen from bovine pancreas (Tg), were
purchased from Sigma-Aldrich. All chemicals were used as received. MilliQ water (18.2
MQ.cm) was used in all aqueous solutions. The pH was adjusted using 0.1 M or 1 M HCI and

NaOH from Grissing.

Synthesis of Au@Protein NPs: Citrate-coated gold NPs (Au@Citrate) were synthesized by

the Turkevich method®® and used as synthesized. The average particle size was

drem~ 15nm, (A, =520nm; dps~ 19 nm;J -potential ~-35mV). The NPs were

functionalized with proteins by a ligand exchange reaction as previously reported.?®?®
Typically, 20 mg of a protein were dissolved in 2 mL of a 1 wt% citrate solution (~pH 7.4).
The pH was adjusted to 2 and 12 with 1 M HCI and NaOH, respectively. Subsequently, 20
mL of citrate coated gold NPs solution (JAu] = 0.26 mM) were added to the protein solution in
a shot. The mixture was stirred overnight (ca. 16 h) at room temperature. Finally, the protein
coated gold NPs (Au@Protein) were purified and concentrated via 3-fold centrifugation (10
000 rcf, 20-30 min) using Milli-Q water with pH adjusted to 2, 7 and 12, and stored in the

fridge at ~7°C.

Characterization Techniques: All gold NP dispersions were characterized by means of the
following techniques: UV-Vis absorption spectra were measured with a Specord®250 Plus
spectrophotometer (Analytik Jena), the NP diameter (average of 3 measurements and 15

runs each) and -potential (from the electrophoretic mobility at 25°C, average of at least 5
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measurements and 10 - 50 runs each) were monitored using a Nano-Zetasizer (Malvern
Instruments Co, Worcestershire, UK). Transmission Electron Microscopy (TEM) was carried
out on EM 922 Omega (Zeiss) transmission electron microscope. The average NP size was
calculated from at least 150 particles. In addition, Cryo-TEM measurements were performed
at - 179°C and a pressure of 10-7 - 10-8 h Pausing a Zeiss/LEO EM 922 Omega (Zeiss NTS
GmbH, Oberkochen, Germany). The pH values were measured by a digital pH meter Lab

850 (Schott® Instrument, S| Analytics GmbH).

Results and Discussion

In order to demonstrate the effect of the interplay of the three parameters, spherical
Au@Citrate NPs of an average size of ~15 nm in diameter (Figure S1 in the supporting
information (SI)) were mixed with proteins of different pl and molecular weights dissolved in
water (Milli-Q, no salt, pH 5-6) and in phosphate buffer saline (PBS, ionic strength 150 mM,
pH 7.4). The Au@Citrate NP dispersions were added in one shot to relatively highly
concentrated protein solutions (10 mg/mL, i.e. 1 wt%) in a volume ratio of 10:1, resulting in a
final protein concentration of 1 mg/mL in the mixture. High protein concentrations were
chosen to avoid particle aggregation due to bridging interactions, which usually occur at low
protein or polymer concentrations.” 3 “° All experiments were performed at room
temperature. The stability and the degree of agglomeration was judged by the red shift of the

plasmon peak via UV-Vis and by hydrodynamic size measurements via DLS.

Figure 1 illustrates the protein-dependent behavior of the AuNPs dispersions. In water
(Figure 1A), the very low-pl protein pepsin (Pep, negatively charged), the very high-pl
proteins such as Tg, cyt C and LYZ* (positively charged) and the neutral pl proteins such as
CA and Hb caused a spontaneous agglomeration (Figure 1C) and fast precipitation (within 3
hours, data shown after 24 hours) of the NPs upon mixing. Stable NP dispersions are only

8



achieved for intermediate pl proteins (Figure 1A, C) such as Ova®*, BSA** and BLG"

(negatively charged at the given pH values), except Ins.

The reason for the fast agglomeration of the negatively charged Au@Citrate NPs with the
positively charged high pl-proteins (Tg, cyt C and LYZ) is assumed to be the strong
electrostatic attraction forces between the NPs and the proteins.'”*® % For the neutral pl-
proteins (CA and Hb) and Ins the effect may originate from the low solubility of the proteins in
the absence of salt or due to the slightly acidic pH of the MilliQ water (pH 5-6), which is close
to the pl of the proteins (Ins, CA).The increased solubility of proteins in the presence of salt
at an optimum of salt concentration is known as the “salting in” effect.*®*’ The effect of salt
concentration can be seen in Figure 1B. The proteins Ins, CA, Tg and cyt C, yielded stable
dispersions in PBS, while they caused precipitation in Milli-Q water. Why the NPs
agglomerate in the case of Pep, but form stable dispersions with Ova, BSA and BLG,
although these proteins are all negatively charged in Milli-Q and PBS, is unclear. But, it
becomes obvious that the protein identity and the environmental identity of the system are

significant parameters for the colloidal stability of the resulting NPs.

A . —
Citrate|[Pep Ova BSA BLG Ins CA Hb Tg cytC LYZ
28 47 47 52 54 60 7.1 93 104 11.0

Citrate|Pep Ova BSA BLG Ins CA Hb Tg cytC LYZ

Pep Ova BSA BLG Ins CA Hb Tg cytC LYZ




Figure 1: Functionalization of Au@Citrate by protein adsorption resulting in Au@Protein NPs. The photographs
show the resulting protein-gold NP mixtures (A) in water (pH 5-6) and (B) in PBS buffer (pH 7.4), respectively, 24
h after mixing protein solution with Au@cCitrate NPs. The vials in (A) and (B) are arranged according to the
isoelectric point of the proteins*®>* increasing from left to right. (C) LSPR peak shifts of Au NPs dispersions
(shaked) 24 h after mixing with proteins. The value of 520 nm corresponds to LSPR maximum of the original
Au@Citrate NPs. The dotted grey line indicates the LSPR maximum value for the stable protein coated NPs. The
shift of 3-4 nm was caused by refractive index changes, due to protein coating.

We studied the influence of the pH on the colloidal stability of NPs when they were
exposed to proteins of different pl as shown in Figure 2. The pH of the protein solutions was
adjusted to three different pH values, namely highly acidic, neutral and highly basic, and
mixed with Au@Citrate NPs, giving final pH values of pH 2, pH 7 and pH 12, respectively. As
shown in Figure 2A, B and C, the Au NP dispersions exhibited different colors and

precipitation behavior depending on the protein and the environmental pH.
Mixing Au@Citrate NPs with Proteins:

At pH 2 (Figure 2A and red bars in Figure 2D, E and F), all investigated proteins were
positively charged (all pl>2). Upon fast addition of Au@Citrate NPs to the acidic protein
solutions, stable protein coated NPs were obtained for all proteins except for Pep and Ins
(Figure 2A), which was surprising. The fact that the colloidal stability of the Au NPs is not
affected during the coating process at pH 2, although the citrate molecules should be fully
protonated and uncharged at this pH, and also the initially negatively charged Au@Citrate
NPs do not aggregate with most of the positively charged proteins upon contact suggests
fast protein adsorption on the particle surface with full coverage® and rapid charge inversion
(Figure 2F). Please note that stable LYZ coated gold NPs (Au@LYZ) can be obtained by
functionalizing the NPs at pH 2. To the best of our knowledge, this is the first time that stable
LYZ coated NPs have been reported.'” In the case of Pep, the NPs agglomerate very
strongly and precipitate completely in a short time (within ~ 3 hours). The LSPR exhibits a
pronounced redshift of ca. 100 nm (Figure 2D) and the hydrodynamic size of the
agglomerates reaches into the micron range (Figure 2E), making DLS measurements
difficult (Figure S2). The reason for the NP agglomeration with Pep is likely to be the

environmental pH in the reaction mixture, which is too close to the pl of pepsin (pl = 2.8). Pep
10



itself is not stable at this pH and therefore cannot stabilize the NPs. The {-potential of the
final particles is around + 6 mV, which is not enough to stabilize the NPs (Figure 2F). Ins on
the other hand induces NP agglomeration even though it is sufficiently positively charged at
pH 2. The final agglomerates are small in size (~ 43 +/- 1 nm), with a weak LSPR shift; they
bear sufficient surface charges and are therefore stable over longer time periods (several
days). The reason for the agglomeration with insulin at this pH is most probably the
molecular weight of insulin (MW ~ 5.8 kDa®), which is low in comparison to the other

investigated proteins. This result is consistent with our previous report on Ins-coated NPs.

At pH 7 (Figure 2B and green bars in Figure 2D, E and F), the colloidal stability behavior
of the NPs can be divided into two groups. Proteins with pl<7 result in stable Au@Protein
NPs, whereas agglomeration is observed for proteins with pl = pH 7 NP. Pep, a very low-pl
protein, is an exception and leads to NP agglomeration. The NPs agglomerated weakly in the
presence of Pep, which lead to a color change to purple (Figure 2B) and an LSPR redshift of
only ca. 20 nm (Figure 2D). The agglomerates were in the size range of 50-60 nm (Figure
2E) with a negative C-potential of around - 20 mV (Figure 2F, green). Small agglomerate
sizes and relatively high surface charge make these agglomerates stable over time; they do
not precipitate for several days. Please note that in the presence of salt or at lower pH values
the NPs agglomerate stronger and precipitate (Figure 1). Weakly acidic pl proteins (4.5 =pls
7) such as Ova, BSA, BLG and Ins yielded stable NPs at pH 7, which is far enough from the
protein pls. The resulting Au@Protein NPs bear sufficient surface charge at this pH (Figure
2F, green) and therefore remain stable. Another exception are CA-coated gold NPs at pH 7.
Due to the proximity of the pl of CA (6.0-6.6)>>° to pH 7, the surface charge of the particles
is around -10 mV (Figure 2F), which is below the stability threshold of (x 25 mV).
Nevertheless, the particles remained stable even after 24 h incubation time according to UV-
Vis and DLS data (Figure 2D-E).The reason for the stability of NPs with CA at this pH is
most probably the high molecular weight of CA ( MW = 77.8 kDa)®®, which provides steric
stabilization to the coated NPs. Neutral-pl (Hb, pl ~ 6.6-7.4)*" ***? and high-pl proteins

(pl > 9) such as Tg, cyt C and LYZ caused the NPs to agglomerate and sediment completely.
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For Hb (pl ~ 6.6-7.4)* *2 the NPs agglomerated fast, probably due to the strong
hydrophobic interactions of the protein at this pH that is close to its pl. With Tg, cyt C and
LYZ, the NPs agglomerated and precipitated as well, probably due to Coulomb attraction
between the positively charged proteins and the negatively charged Au@Citrate NPs at pH
7. The C-potential of the NPs was within the range of -10 to 0 mV (Figure 2F), which is

insufficient to electrostatically stabilize the protein coated NPs.

At pH 12 (Figure 2C and blue bars in Figure 2D, E and F), the general trend is towards
stable Au@Protein NPs. All the proteins were negatively charged at pH 12 and therefore
compatible to the negatively charged Au@Citrate NPs in terms of surface charge. The

proteins adsorbed onto the NPs without inducing Coulomb attraction and agglomeration.

We assume that there are two sources of agglomeration during the mixing of gold NPs
with proteins that correlate with the pH of the mixture: 1) the insolubility of the excess protein
and 2) the instability of the resulting Au@Protein NPs. The first case occurs if the
environmental pH is close to pl of excess protein. The second case occurs if the pH is close
to pl of the resulting Au@Protein system that differs from that of pure protein. It is known
from literature (Au@BSA?’, Au@Ins?®) that the pl of a protein shifts upon adsorption onto
gold NPs. If one of the two components that coexist in the mixture (Au@Protein or excess
protein) has a pl close to the environmental pH, the entire dispersion agglomerates and
sediments. For example, the pl of Au@Pep formed at pH 2 was shifted to ~5.5 from the pl
(Pep) ~2.8" (Figure 4). The Au@NPs themselves were actually stable in pH 2 (Figure 4A)
and should not agglomerate. The bad solubility and the high concentration of the excess
protein with a pl close to pH 2 caused flocculation and removed the stable gold NPs from the
dispersion, corresponding to the first case. An example for the second case is the
functionalization of gold NPs with Pep at pH 7 (Figure 2B). In this case, the protein Pep is
highly soluble at pH 7, however the Au@Pep NPs are unstable at pH 7 with {-potentials
between 0 - 10 mV, which are below the stability threshold (Figure 4A, E). The high protein

concentrations in our experiments largely suppressed contact between the NPs and protein-
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induced bridging.*® Bridging aggregation would prevent redispersion of Au@Pep NPs from

agglomerates (formed at pH 2) via purification (in pH 12) (Figure 3A, E-G).

Surprisingly, dispersions formed with LYZ at pH 12 were stable over time, although the pH
is close to the pl of LYZ (~ 11)** * (Figure 2C). The surface charge of the LYZ-coated NPs
at pH 12 was high enough to provide colloidal stability. A weak redshift of the LSPR peak for

dispersions containing LYZ, BSA and Tg (Figure 2D) at pH 12 indicates a weak

Pep Ova BSA BLG Ins CA Hbr Tg cytC LYZ

Pep Ova BSA BLG Ins CA Hb Tg cytC LYZ

Pep Ova BSA BLG Ins CA Hb Tg cytC LvZ [RSM

Pep Ova BSA BLG Ins CA Hb Tg cytC LYZ

-n

Pep Ova BSA BLG Ins Tg cytC LYZ

¢-potential, mV

Pep Ova BSA BLG Ins CA Hb Tg cytC LYZ

Figure 2: Functionalization of Au@Citrate by protein adsorption at different pH resulting in Au@Protein NPs of different stability.
The images show the resulting protein-gold NP mixtures after 24 hours at A) pH 2, B) pH 7, and C) pH 12, respectively. The
order of the cuvettes corresponds to an increasing isoelectric point of the proteins. The bar charts show the corresponding data
of the D) LSPR peak, E) the hydrodynamic diameter (see Figure S2) and F) C-potential of these systems. The color code
corresponds to the pH (red = pH 2, green = pH 7, blue = pH 12) and the dotted grey lines represent the stability thresholds (UV-
Vis: 525 nm, {-potential: + 25 mV).

agglomeration of NPs. These small agglomerates did not precipitate over time and were

redispersed upon purification. Purification conditions, in particular the pH of the purification
13



media, are critical for the colloidal stability of the Au@Protein NPs and therefore, their impact

was studied systematically in the following:
Purification of Au NPs after Protein Adsorption:

After mixing the NPs with proteins at different pH, the dispersions were washed three
times with water at acidic, neutral and basic pH values via centrifugation and redispersion
(see Experimental Section). The behavior of Au@Protein NPs after purification conditions is
shown in Figure 3. We studied four different Au@Protein NP systems with a protein from
each pl regime: low pl (Pep), intermediate pl (BLG) and high pl (LYZ). We studied Ins as a
low molecular weight protein with an intermediate pl to assess the effect of the molecular

weight when keeping the pl similar (Ins: pl 5.3, MW 5.8 kDa, and BLG: pl 5.2,*° MW 18.4

kDa).
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Figure 3: Purification can reverse NP agglomeration during the protein functionalization. Au@Citrate
functionalized with Pep (A), BLG (B) LYZ (C) and Ins (D) at pH 2, 7 and 12 were purified at 3 different pH values.
NPs that agglomerated during the functionalization (grey/blue and purple dispersions) were redisperse to
individual NPs and regained their colloidal stability as indicated by the red color when purified at the right pH. The
dotted grey lines (E, G) represent the stability thresholds (UV-Vis: 525 nm, {-potential: + 25 mV).

The purified Au@Protein NP dispersions exhibited different stability behavior depending
on the purification conditions, clearly seen by the different colors and LSPR shifts of the
dispersions (Figure A-E). The Au@Pep system was only stable at pH 12, both during

14



functionalization and purification (Pep and Au@Pep are both stable at pH 12). Remarkably,
the NP dispersions that were not stable and aggregated during the functionalization at pH 2
and 7 were redispersed completely upon purification at pH 12 as evidenced by UV-Vis and
DLS measurements (Figure 3E and F). At pH 7, the purified Au@Pep NPs were not stable.
At pH 2, the Au@Pep NPs became stable with increasing incubation time at this pH only
when the NPs had been functionalized with Pep at pH 12 (see also Figure 4A and Sl Figure

S3).

The Au@BLG system (with intermediate pl) was functionalized (Figure 2) and purified at
all three pH values (Figure 3) without affecting the colloidal stability of the dispersions. Only
in the case of dispersions functionalized at pH 2 and purified at pH 7 did the NPs
agglomerate upon purification as seen by the purple color of the dispersion and proven by
UV-Vis and DLS. All three selected pH values (i.e. pH 2, 7 and 12) appear to be far enough

from the pl of BLG and render Au@Protein NP systems stable.

The Au@LYZ system was functionalized at pH 2 (Figure 2) and then purified at pH 2 and
pH 12 without destabilizing the NPs (Figure 3). At pH 7, the Au@LYZ NPs were unstable
during both functionalization and purification. The NPs disaggregated to a certain extent
when purified at pH 2 or 12, but not entirely, as indicated by plasmon peak shift (UV-Vis) and
DLS. When functionalized at pH 12, Au@LYZ showed slight aggregation with a small redshift
of the plasmon peak (Figure 2) that remained when purified at pH 2 and pH 12 and

increased when purified at pH 7.

The Au@Ins system was functionalized at pH 7 and 12, but could only be purified and
completely redispersed at pH 12. At pH 7, the NPs did not fully redisperse during purification
(Figure 3E and F). At pH 2, the Au@Ins NPs were not stable at all, which is consistent with
previous studies.’® The C-potentials for Au@Ins NPs at pH 2 are not high enough to
electrostatically stabilize the NPs. Ins also is smaller than BLG (or BSA?") that does not

provide additional steric stabilization to the NPs. Although the pl of the Ins and BLG is
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similar, there are clear differences in their stability behavior, most likely due to the differences

in their molecular weights.

It is worth noting that all Au NPs that agglomerated when mixed with proteins (Figure 2A,
B and C), were fully recovered and stabilized again by purifying the agglomerated NPs at pH
values far from the pl of the respective protein system (Figure 3). This indicates that when
NPs meet proteins, reversible agglomeration can occur, which can be easily reversed. In
general, for all protein systems investigated in this study, stable Au@Protein systems were
obtained when functionalization was done at pH values far from pl of the proteins. The same
trend existed for the purification of the NPs. However, the pH conditions for the
functionalization step can also be different from that for purification. For example, for
Au@LYZ, pH 2 was the optimum pH for functionalization, but pH 12 was optimal for
purification. Surprisingly, pH 7 was not optimal for purification for the four Au@Protein
systems (Figure 3). Hence, the pH of the dispersions had a huge impact on the final stability

of the Au@Protein dispersions.
pH-dependent Colloidal Stability of Different Au@Protein NPs:

To understand the effect of the environmental pH on the stability of the different
Au@Protein NPs, we studied the pH-dependent colloidal stability profiles for Au@Pep,
Au@BLG, Au@LYZ and Au@Ins (Figure 4) over the pH range between pH 2 to 12, covering
also a broad pl and MW range of proteins from acidic (Pep: 2.8)*® to basic (LYZ: 11.0) ***’
and from 5.8 kDa (Ins)®* to 34.6 kDa (Pep)*, respectively. The NPs were functionalized with
the proteins under the conditions that lead to the most stable Au@Protein NPs, i.e. Au@Pep
in pH 12, Au@LYZ in pH 2; Au@BLG and Au@Ins in pH7. The stability profiles were
assessed by measuring the LSPR shifts and {-potentials at different pH values. Furthermore,
since the colloidal stability of Au@Protein NPs strongly depends on the surface charge of the
NPs and thus, on the pH of the medium and the pl of the protein, the direction of the pH
change played a significant role in the stability of the NPs and the redispersibility of their

agglomerates. Moving from basic pH (pH 12), where all Au@Protein NPs were stable, to
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acidic pH, the NPs started aggregating at neutral pH values and did not redisperse at
extreme acidic pH values. Coming from acidic pH (pH 2) however, where the Au@Protein
NPs were stable too (except Au@lns), the NPs aggregated at neutral pH values, but
redispersed completely at pH 12. To better understand the effect of pH and the direction of
pH changes, we investigated the colloidal stability behavior of the four Au@Protein systems

from both directions. Therefore, each system was purified in pH 2 and pH 12, setting the

starting pH.
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Figure 4: The effect of the pH of the purification medium on the pH stability range of the Au@Protein NPs.
Au@Pep, Au@BLG, Au@Ins and Au@LYZ were functionalized under stable conditions and purified in pH 2 and
pH 12, respectively. The pl of the Au@Protein NPs and the pH stability range of the NPs were determined by

measuring the C-potential (red) and LSPR maximum, /1max (black) and as a function of solution pH. The grey

stripes indicate the region of the pl of the respective Au@protein system (£ 0.5 pH units).

In systems purified at pH 2, Au@Pep, Au@BLG and Au@LYZ were stable with the LSPR
peak around 525 nm and {-potentials = +30 mV. Although they exhibit a C-potential of
~ +30 mV, the Au@Ins NPs were in an aggregated state with an LSPR peak beyond 565 nm,
which has also been reported before.?® The pH of the dispersions was then increased
stepwise from pH 2. The surface charge of the Au@Protein NPs decreased from values well
below +25 mV to zero, favoring hydrophobic interactions and leading to agglomeration of the

Au@Pep (Figure S4), Au@BLG (Figure S5), Au@LYZ (Figure S6) and Au@Ins (Figure
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S7) systems. The agglomeration caused their color to change from ruby red to blue/grey
(Figure S4-S7).Further pH increase above the pl of Au@Protein NPs lead to charge
inversion due to deprotonation of carboxyl and amino groups and to an increase of
negatively charged groups. The C-potential of the NPs decreased below the stability
threshold of -25 mV and the electrostatic repulsion between charged NPs increased, leading
to complete redispersion of the NPs (LSPR ~ 525 nm). The three protein systems Au@Pep,
Au@BLG and Au@LYZ exhibited U-shape stability profiles and were stable in both acidic
and basic conditions. The Au@BLG and Au@LYZ showed a sharp transition between stable
and unstable regime; the Au@Pep system showed a much broader instability regime.
Although the C-potential values were beyond -25 mV at pH 8-9, the system fully recovered its
LSPR peak only at pH 12. The disaggregation of the Au@Pep NPs was much slower than
that of Au@BLG and Au@LYZ. A different stability behavior was observed for Au@Ins
system. Increase of the pH caused charge inversion of this aggregated dispersion (Figure

4D), but redispersion was possible only at highly basic pH values.

All Au@Protein systems purified at pH 12 (Figure 4E-H) were highly stable with negative
surface charges beyond -30 mV and LSPR absorption maxima at 525 nm. Upon decreasing
the pH, the particles remained stable up to pH 7, and the LSPR maximum remained at 525
nm (Figure 4E-H). The {-potentials of the NPs also remained beyond -30 mV until pH 7. Only
Au@Pep showed an increase of {-potential to -20 mV, but remained stable. Further pH
decrease (pH < 7) caused all Au@Protein systems to start agglomerating and the LSPR
peaks to shift to higher wavelengths. The NPs crossed the point of zero charge and inverted
their surface charge to positive {-potentials. Only the Au@Pep system redispersed to great
extent at pH values below pH 2 and the LSPR maximum recovered from 620 to 538 nm. The
other three protein systems did not redisperse at acidic pH values (pH 2), although the
surface charges reached high positive values beyond +30 mV. The pH-dependent stability of
Au@Protein NPs strongly depended on the purification medium: the same Au@Protein
systems (Figure 4) purified in different pH values, i.e. acidic (Figure 4A-D) and basic

(Figure 4E-H), behaved entirely different.
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The Au@BLG and Au@LYZ systems showed a pronounced influence of the purification
pH on their colloidal stability behavior. Both NP systems were functionalized at optimal pH,
i.e. Au@BLG at pH7 and Au@LYZ at pH 2. When the NPs were purified at acidic pH (Figure
4B and C), they exhibited a U-shaped pH stability profile that was similar to the bare
proteins. The NPs were stable at pH values far below and above the pl of the Au@Protein
system and unstable at pH close to pl. When the dispersions were purified at basic pH, the
NPs were stable at pH values above the pl, but unstable at pH values below the pl, exhibiting
a sigmoidal stability profile (Figure 4F and G). This pH dependent stability profile was
confirmed via DLS and Cryo-TEM measurements, which is shown exemplarily for the
Au@LYZ system in Figure 5 (and for the Au@BLG system Figure S8). The Au@LYZ system
was synthesized in pH 2 and purified in pH 2 (Figure 5A-D) and pH 12 (Figure 5E-H),
yielding stable Au@LYZ NP dispersions of ruby red color and hydrodynamic sizes around 23
+ 0.3 nm. The Cryo-TEM images confirmed individually dispersed NPs for both cases (pH 2,
Figure 5B, and pH 12 Figure 5F). When increasing or decreasing the pH towards the pl of
the Au@LYZ system (i.e. ~ 4.3), the NPs started to agglomerate as seen from the color of
the dispersion (purple, blue, grey). The hydrodynamic size of the agglomerates started
increasing from hundreds of nanometers to micrometers. Loose flocs and 3D networks of NP
agglomerates formed (Figure 5C and G). Figure 4 illustrates how the Au@LYZ NPs behave
differently for the two systems. When purified at pH 2, the agglomerates redispersed again to
individual NPs (Figure 5A and D) at basic pH values. When purified at pH 12, the NP
agglomerates formed at pH = pl that grew in size and density (Figure 5E and H) upon further

pH decrease down to pH 2.
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Figure 5 pH-dependent agglomeration behavior (.)f colloidally stable Au@LYZ NPs purified at pH 2 (A-D) and pH
12 (E-H) measured with dynamic light scattering (A, E) and Cryo-TEM (B-D and F-H). Starting at pH 2, the
Au@LYZ NPs are red in color and individually dispersed with small hydrodynamic sizes (A: red box), confirmed
with Cryo-TEM (B). When increasing the pH, the NPs aggregated at the pl of Au@LYZ (A: green box, and C) and
redispersed at pH 12 (A: blue box, and D). Starting at pH 12, the Au@LYZ NPs were red in color and individually
dispersed with small hydrodynamic sizes (E: blue box), confirmed with Cryo-TEM (F). When decreasing the pH,
the NPs aggregated at the pl of Au@LYZ (E: green box, and G) and aggregate further to bigger aggregates at pH
2 (E: red box, and H).

Au@Pep and Au@lns systems showed similar profiles for both purification pH. The
Au@Pep system showed a U-shaped stability profile, with a large instability range (> 6 pH
units) in the medium pH region, slightly shifted, depending on the direction of the pH change.
The Au@Ins system exhibited a sigmoidal-shaped stability profile for both cases, being

stable at basic pH values and instable at acidic pH values.

These differences in the stability profiles of the Au@Protein NPs are surprising for different
purification conditions, although the NPs, the proteins and the synthesis conditions (coating
procedure) are the same. The Au@Protein NPs behave different from the pure proteins.
Bare proteins usually exhibit a U-shaped solubility profile with high solubility at pH values
below and above the pl and a low solubility at pH = pl. The pl of proteins depends on the

ratio of the negatively and positively charged amino acid residues. When proteins adsorb or
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bind onto metal surfaces, they may bind with both negatively or positively charged functional
groups, which become then unavailable for the interactions with outer medium, i.e. water.
The ratio between these charged groups changes upon binding, which leads to a
measurable shift in pl. Depending on the functional groups that are available on the protein
and bind to the gold surface, the pl can be shifted towards lower or higher pH values
compared to the original pl of the protein. When a protein binds to the NP with basic
(positively charged) groups, such as amino, imidazole or guandino groups, the pl of the
resulting Au@Protein system shifts to lower pH values. If the protein binds with the
carboxylic (negatively charged) groups to the surface, the pl shift is expected to be towards
higher pH values. In the case of NPs being coated with BLG, Ins and LYZ, the pl shifted
towards lower pH values. We assume that these proteins adsorb onto gold surfaces,
preferentially via basic groups. The pl of Au@Protein systems containing proteins with
intermediate proteins, such as Au@BLG and Au@Ins, was measured to be 4.1 (BLG: 5.249)
and 3.5 (Ins: 5.3%), which is consistent with literature®”*®, High-pl proteins such as LYZ (pl:
11.0°* %) exhibited a pronounced pl shift towards pH ~ 4.3 ) when adsorbed on to the Au
NPs. This suggests that the main binding groups also for Au@LYZ are the basic functional
groups. In contrast, the low-pl protein pepsin (2.8*) exhibits a pl shift to higher pH values
with a pl~ 5.5. This indicates that pepsin binds to the gold NP surface to a larger part via
carboxyl groups, which are indeed abundant in the protein. Furthermore, pepsin has
relatively low amount of positively charged groups (4 in total, i.e. 2 Arg, 1 His, 1 Lys).>*®°
Nevertheless, it is remarkable that the pl-shifts for all Au@Protein systems investigated in
this study were independent of the purification medium (pH 2 or 12, see Figure 4). In fact,
this behavior is plausible, since the proteins were adsorbed (functionalization step) under
same conditions. Hence, we assume that protein adsorption occurred onto gold surface via
same sites, leaving same functional groups available towards the solvent (water).
Consequently, this would lead to the same final pl of an Au@Protein system, which is

independent of the purification conditions.
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The proteins’ molecular weight also affects the stability of Au@Protein. Proteins with high
molecular weight contribute to the stability of the proteins coated NPs with steric stabilization
additional to the electrostatic stabilization.?**’ From the four investigated proteins, Ins with its
5.8 kDa>" molecular weight is the smallest (<10000), BLG (18.4 kDa*) and LYZ (14.3 kDa>”
®) are in the middle range, and Pep (34.6 kDa™) is the largest. Large proteins have many
acidic and basic functional groups that probably provide enough electrostatic repulsion on
the Au@Protein surface upon pH change. Additionally, their size provides steric repulsion.
The Au@Pep system’s U-shaped stability profile can be attributed to the electrosteric
stabilization mechanism. Smaller proteins have less functional groups and provide less steric
repulsion. The Au@Ins system for example is stable at basic pH but instable at acidic pH
independent of the purification pH. Insulin is a very small protein and cannot provide steric
repulsion to disagglomerate the system completely. In the case of the middle-sized proteins,
both Au@BLG and Au@LYZ systems are sensitive to the direction of pH change, however it

is not clear yet what causes the direction-dependent stabilities of the systems.

Remarkably, the stability profiles of all Au@Protein systems were highly consistent over
multiple aggregation/disaggregation cycles. Figure 6 shows three-point pH switching cycles
for all four protein coated NP systems purified at pH 2 and pH 12, in analogy to Figure 4.
The purification pH served as starting point as shown in Figure 6. The reversible
agglomeration and disagglomeration was followed by recording the LSPR peak maximum of
the dispersions at different pH values via UV-Vis spectroscopy. All Au@Protein systems
maintained their original stability profiles (Figure 4) at least over three pH cycles. For
example, Au@Pep (both purification pH, Figure 6A and E) and Au@BLG and Au@LYZ (pH
2 purification, Figure 6B and C) were highly stable at extreme pH values and aggregated at
pH = pl (U-shaped profile), recovering completely after each cycle. Upon a sudden pH
change from one extreme to other extreme pH, e.g. from pH 12 to pH 2 (Figure 6A-C and E,
at the end of a cycle) the particles remained stable. The reason for this is that the pH change
is fast and the particles undergo an immediate charge inversion, without agglomerating,

while going through the point of zero charge. Au@Ins (Figure 6D and H) and Au@BLG and
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Au@LYZ (pH 12 purification, Figure 6F and G) on the other hand, exhibited sigmoidal

stability profiles, being stable only at basic pH values, in analogy to Figure 4.
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Figure 6: pH-responsive reversible aggregation-disaggregation cycles of four representative protein coated

gold NPs. The Au@Pep (A, E), Au@BLG (B, F), Au@LYZ (C, G) and Au@Ins (D, H) NPs were functionalized

under stable conditions and purified in pH 2 (A-D) and pH 12 (E-H). The pH of the dispersions was changed from

pH 2 to pH 12 (A-D) or vice versa (E-H) going over the pl of the protein coated NPs. The reversible aggregation of

the different Au@Protein NPs was followed via UV-Vis spectroscopy, by measuring the LSPR maximum ﬂmax .

Conclusion

The behavior of Au@Protein dispersions strongly depends on three parameters: a)

nanoparticle identity, b) protein identity and c) environmental identity. The present study

reveals the importance of the protein identity and the environmental conditions on the final

physico-chemical properties of metal nanoparticle systems stabilized by small charged

molecules such as citrate. The NPs either formed stable dispersions or agglomerated

spontaneously when mixed with protein solutions, depending on the pl of the protein and pH
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of the mixture. The agglomerates redispersed when purified under suitable conditions. The
final Au@Protein NPs exhibited a stability regime and stability profile that strongly depended
on the adsorbed protein and the environmental conditions. The surface charge of the
Au@Protein NPs also depended on the pl and the pH. Controlling the environmental
parameters and adjusting them to the physico-chemical properties of the proteins and of NPs
allowed us to create highly stable Au@Protein NPs with a defined protein corona and thus,
with a defined bio-interface. Understanding the interactions of nanomaterials with individual
proteins in regard of their abundance, composition, and physico-chemical properties would
allow us to decipher the formation of the new physico-chemical identity upon protein

adsorption in complex biological systems and fluids.
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