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dissociation from gold
nanoparticles and the influence of temperature
from the protein corona formation mechanism†

Meifeng Li,a Xiaoning Zhang, *b Sining Li,c Xiaoqing Shao,b Huixian Chen,b Lei Lv*b

and Xiaowen Huang*d

Gold nanoparticles (AuNPs) provide a novel approach for protein enrichment and analysis due to their

protein adsorption properties, forming a so called protein corona. This corona can significantly influence

the protein's structure and characteristics, hindering their identification in situ. Dissociation is an

important solution to analyze and identify the composition of protein coronas. However,

a comprehensive picture of adsorbed protein dissociation is lacking. In this study, the protein

dissociation from the protein corona and influencing factors were investigated on the basis of the

formation mechanism and time evolution. Temperature and cysteine are the key factors influencing

protein dissociation by altering the protein's binding ability. The results showed that half Au–S formation

time is an important time point for thio-protein dissociation by the method of high speed centrifugation.

When incubated for longer than that time, the thio-protein located in the hard corona could only be

separated by b-mercaptoethanol replacement under analytical ultracentrifugation. However, Fourier-

transform infrared spectroscopy (FTIR) revealed significant changes that occurred in blg's secondary

structure after ultracentrifugation. The Au–S bond formation time offers the potential to define the

protein enrichment time of AuNPs.
Introduction

Nanotechnology and nanoparticles (NPs) have gained great
developments in the biomedicine and biodetection elds.1–3

This is especially true for protein enrichment and analysis in
gold nanoparticle (AuNP)-based microuidic chips4,5 due to
their high specic surface area and unique physicochemical
properties.6 This technology has led to creating novel strategies
for rapidly examining food composition and diagnosing early-
stage cancers.7,8 These applications mainly rely on the adsorp-
tion of biomacromolecules, including proteins, to AuNPs.9 As
a result of this adsorption, a “protein corona” is formed on the
NPs surface.10,11 However, this corona could alter the adsorbed
protein structure and biological characteristics,12,13 subse-
quently hindering their analysis and identication in situ.14,15
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Our previous work revealed that AuNPs can be explored as
a novel strategy to desensitize blg since the formation of protein
corona.16 While, the application in practical samples is limited,
such as milk or whey protein isolate (WPI) because of the
identication of corona composition is the precondition of
bioapplication. Therefore, it is crucial to probe the adsorbed
protein dissociation and inuence factors from the aspect of
protein corona formation mechanism, which may potentially
dene practical guidelines for AuNPs' bioapplications.

Protein corona formation is a complex process and is kineti-
cally divided into two phases.17,18 In phase one, proteins are
absorbed on the NP surface in seconds or minutes by fast elec-
trostatic or hydrophobic forces. For example, more than 300
plasma protein species rapidly adsorb onto AuNPs within
0.5 min.19 In phase two, thio-protein sulydryl groups, accessible
to Au+, form Au–thiol covalent bonds (Au–S bonds) on the order of
hours.13 The protein corona contains a two-component system that
the proteins direct/indirect interact with NPs. Au–S bonds form
a tightly bound layer, called the “hard” corona. Other layers are
then surrounded by a “protein cloud,” referred to as the “so”
corona. In general, the hard corona is an irreversible process aer
the formation of Au–S bonds,20 which is a critical factor for
understanding the protein dissociation mechanism.

Thio-proteins and non-thio-proteins exhibit distinct binding
mechanisms to AuNPs. The binding mechanism, including the
formation of Au–S bond and formation time, is crucial for
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Typical DLS spectrum of AuNPs–protein coronas incubated at
different temperature. (A) AuNPs–blg corona; (B) AuNPs–MB corona.
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View Article Online
understanding the adsorbed protein dissociation from the AuNP
surface. In practical applications, protein enrichment occurs in the
order of minutes to hours, depending on the protein sample and
specic application.21,22 The main strategies for improving the
enrichment process are decreasing the enrichment time,
enhancing the detection efficiency, or lengthening the Au–S
formation time. Numerous studies demonstrate that one can
decrease the enrichment time or increase the detection efficiency
by modifying the AuNPs with probes or combining the technology
with a resonance energy transfer technique.4,23 while, the system
research for lengthening the Au–S formation time and tempera-
ture inuences remain elusive.

Here, we characterized the protein adsorption to AuNPs
using two model proteins, b-lactoglobulin (blg, thio-protein)
and myoglobin (MB, non-thio-protein), which have similar
molecular weights and global conformation.24,25 The binding
parameters, including the binding affinities (Ka), binding
numbers, and Au–S bond formation time as a function of
temperature (4 �C to 44 �C), were detected to assess the centri-
fugation efficiency method for dissociating adsorbed proteins
from the AuNP surface. Fourier transform infrared spectroscopy
(FTIR) was used to examine the secondary structure changes
before and aer dissociation. Our results provide a guideline for
the design of AuNPs as a protein enrichment material. Fig. 1
shows the adsorbed protein binding mechanism on AuNPs for
the thio- and non-thio-proteins.
Results and discussion
The corona thickness

The protein corona thickness related to the protein binding
number is a crucial criterion for understanding the protein
binding to NPs.26 Dynamic light scattering (DLS) is the
commonly used tool for measuring NPs and protein coronas'
hydrodynamic diameters.6,27 Typical AuNPs–protein (blg and
MB) corona DLS spectrum that were prepared at different
temperatures are shown in Fig. 2.

The results showed that the AuNPs–blg corona diameters
decreased from 60 � 2.6 nm to 44 � 3.1 nm with an increase in
temperature from 4 �C to 44 �C (Fig. 2A). In contrast, the AuNPs–
MB coronas exhibited a smaller decrease in diameter (DD ¼ 10
nm) with temperature increasing. The AuNPs–blg protein
corona thickness was several times larger than the blg protein
diameter (2.1 � 0.5 nm) at all experimental temperatures,
Fig. 1 A schematic representation of proteins adsorbed on AuNPs and
the consequences for the thio- and non-thio-proteins.

© 2021 The Author(s). Published by the Royal Society of Chemistry
indicating that it consisted of both “hard” and “so” coronas.16

The hard corona proteins form Au–S bonds with the surface of
the AuNPs, representing approximately irreversible bound
proteins.19 Thereby, the hard corona dened the centrifugation
dissociation efficiency. Cysteine residues and temperature
played key roles in the protein corona formation. Temperature
inuences the degree of protein coverage and the composition
of adsorbed proteins on AuNPs surface at which the protein
corona is formed.28,29 The higher temperature means the
smaller proteins were adsorbed by the AuNPs.
Binding parameters detection

Isothermal titration calorimetry (ITC) is a straightforward
method for quantitatively determining crucial thermodynamic
parameters of the protein–NP interaction by assessing the
associated heat change in real-time with a high signal-to-noise
ratio.30 The results of this assay shed light on the interaction
mechanisms by revealing the stoichiometry (Ka) and enthalpy
(DH), allowing for a comparative analysis of inuencing factors
(e.g., temperature, pH, and NP properties) important for NP bio-
application.31 The free energy change (DG) and entropy change
(DS) were calculated from the fundamental equations:6

DG ¼ �RT ln Ka (1)

DG ¼ DH � TDS (2)

where Ka is the binding affinity, R is the universal gas constant,
and T is the temperature in K.

The raw data for blg titration into the AuNP solutions at
different temperatures are shown in Fig. 3. Each heat exchange
curve corresponds to a single injection. The negative signals
(DH < 0) indicate that the protein binding to the AuNPs is
a strongly exothermic process.30 The signal intensities gradually
decreased with an increasing number of injections and reached
equilibrium at distinct molar ratios at different temperatures.
Additionally, the equilibriummolar ratio decreased from�7500
to�5000 at�20 min when the temperature increased from 4 �C
to 44 �C, which indicated that the decrease of the binding
number and the fast electrostatic forces, including van der
Waals interactions, electrostatics and hydrogen bond domi-
nated the formation of protein corona during the ITC detection.
The MB titration into AuNPs exhibited a smaller heat exchange,
albeit with the similar behaviour (Fig. S1†).
RSC Adv., 2021, 11, 18198–18204 | 18199
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Fig. 3 The Raw ITC data for blg (30 mM) titrated into the AuNP solution (4 � 10�4 mM) with continuous stirring at 1000 rpm at different
temperatures. (A) 4 �C; (B) 24 �C; (C) 44 �C.
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The stoichiometry thermodynamic parameters, Ka, DH, DS,
and DG for proteins titrated into the AuNP solutions were
derived using a nonlinear least-squares model and are
summarized in Table 1. The results indicate that protein asso-
ciation with AuNPs is exothermic and therefore enthalpically
favoured. Ka is important for describing the interaction between
proteins and NPs, and it can give a general idea of the binding
force and strength. A higher incubation temperature resulted in
a lower binding affinity and stoichiometry of the protein
adsorbed to AuNPs. The blg's Ka decreased from 34 � 10 � 105

M�1 to 25� 6� 105 M�1, and the stoichiometry decreased from
3900 to 2600 when the temperature increased from 4 �C to
44 �C. Likewise, the MB's Ka decreased from 2.6� 0.4� 105 M�1

to 2.1 � 0.5 � 105 M�1, and the stoichiometry decreased from
3600 to 2600. Based on these decrease of stoichiometry data,
inconsistent with the DLS, temperature exerts a greater inu-
ence on the adsorption of thio-proteins than non-thio-proteins
in thermodynamics.
Au–S covalent bond detection

Surface-enhanced Raman spectroscopy (SERS) has been exten-
sively applied in various ultrasensitive chemical detection
applications in a wide variety of elds and can be applied even
Table 1 The thermodynamic parameters (stoichiometry, Ka, DH, DS, and
at different temperature

Protein
Temperature
(�C)

Stoichiometry
(103) Ka

a (105 M�1)

blg 4 3.9 34 � 10
24 3.1 29 � 7
44 2.6 25 � 6

MB 4 3.6 2.6 � 0.7
24 3.0 2.3 � 0.4
44 2.6 2.1 � 0.5

a Derived from one site binding model. b Calculated according to the eqn

18200 | RSC Adv., 2021, 11, 18198–18204
at the single-molecule level.32 SERS can provide information
about the structure, composition, and chemical bonds of
molecules interacting with AuNPs, enabling the study of
adsorbed proteins by the protein corona in stiu.33 blg contains
ve cysteine residues; four are involved in two disulde bridges
and one free thiol group. The thiol groups are accessible to Au+

and can form the Au–S covalent bond rapidly, which can be
observed at 296 cm�1 in Raman spectroscopy.16

To investigate how temperature inuences the protein
adsorption speed to AuNPs, we examined the changes in the
AuNPs–blg corona SERS intensity prepared at different
temperatures as a function of incubation time; these results are
shown in Fig. 4. The intensity increased as time went on until
reaching a plateau, indicating the formation time of Au–S bond.
The Au–S bond formation for AuNPs–blg coronas took �12 h at
4 �C, whereas it decreased to �9 h and �6 h at 24 �C and 44 �C,
respectively. Notably, this result (about 9 h at 24 �C) was
approximate to our previous results that detected at 20 �C
because of the experimental error.16 In contrast, there was no
Raman shi in the AuNPs–MB corona spectroscopy (Fig. S2†).
No Au–S bonds were formed in AuNPs–MB corona, indicating
weak forces, such as electrostatic or hydrophobic forces, were
the main binding force for MB adsorbed on AuNPs. Higher
DG) derived from ITC as proteins (blg and MB) were titrated into AuNPs

DH (105 J M�1) DSb (103 J M�1 deg.) DGb (104 J)

�39 � 12 �13.9 �3.5
�32 � 9 �10.6 �3.7
�29 � 7 �9.0 �3.9
�4.9 � 0.7 �1.6 �2.9
�4.6 � 0.8 �1.4 �3.0
�4.3 � 0.5 �1.2 �3.2

(1) and (2).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 AuNPs–blg corona SERS intensity change, prepared at different
temperatures as a function of incubation time. Insert: the Au–S
formation time at different temperatures.
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temperatures promoted a faster AuNP–protein interaction and
a shorter Au–S formation time. Au–S bonds are the main force
involved in attaching thio-proteins to the surface of AuNPs,
resulting in these proteins secondary structure and character-
istics changes.
Centrifugation

Centrifugation is an efficient method for separating adsorbed
proteins from the NP surface onto microuidic chips, which
requires properly controlled centrifugation speed and time.34,35

Fluorescence emission is an inherent property of proteins
containing tryptophan, tyrosine, and phenylalanine residues,
quenched by association with AuNPs.36,37 For the same protein
and specic AuNP sizes, the quenching rate is the same.
Therefore, a change in protein emission intensity can be
attributed to protein dissociation from the AuNPs, which can
investigate protein corona changes aer centrifugation.

The AuNPs–protein corona uorescence emission intensities
prepared at 4 �C as the function of time aer centrifugation are
shown in Fig. 5. Centrifugation resulted in different
Fig. 5 The protein emission intensities in protein coronas as a functio
15 000 rpm for 15 min, (B) AuNPs–blg corona centrifuged at 15 000 r
centrifuged at 80 000 rpm for 20 min in the absence and presence of b

© 2021 The Author(s). Published by the Royal Society of Chemistry
dissociation efficiencies for thio-proteins and non-thio-
proteins. The MB amount dissociated was temperature-
independent, as most of the adsorbed MB in both “hard” and
“so” coronas were separated by high-speed centrifugation at
15 000 rpm for 15 min, for all incubation times (Fig. 5A).
Whereas, the blg amount dissociated was strongly related to the
incubation time. The longer incubation time shows the higher
emission intensities, which indicated that blg was weakly
dissociated. In general, most of the adsorbed blg could be
separated from the corona by high-speed centrifugation when
incubated shorter than 4 h (half the Au–S bond formation time).
However, there were no signicant changes aer incubated
longer than 9 h (the Au–S bond formation time), maintaining
a high level of uorescence intensity due to the residual blg
located in the “hard” corona (Fig. 5B). The uorescence inten-
sities of protein corona prepared at 24 �C and 44 �C showed
similar phenomenon (data not show).

In order to separate those remaining blg in hard corona, b-
mercaptoethanol added in AuNPs–blg corona solution and
analytical ultracentrifugation at 80 000 rpm for 20 min were
performed. The result shows that most of these remaining blg
in “hard” corona can be separated by this synergistic action
(Fig. 5C). While this action, especially of the presence of b-
mercaptoethanol may bring new challenges for the proteins,
such as altering the structure and functional properties. The
bind force, in terms of Au–S bonds or weak force, and incuba-
tion time are the key criteria for choosing the dissociation
methods.

Secondary structure detection

Fourier-transform infrared spectroscopy (FTIR) is a versatile
tool for studying protein and polypeptide conformation in H2O-
based solutions.24,38 Proteins exhibit nine characteristic infrared
spectroscopy (IR) absorption bands. Of those bands, the amide I
in the second-derivative spectrum (1700–1600 cm�1) is the most
sensitive spectral region. It is closely correlated with the protein
secondary structure, which is almost entirely due to the C]O
stretch vibrations in the peptide linkages (�80%).39 The tted
inverted second-derivative amide I curves of blg, AuNPs–blg
n of time after centrifugation. (A) AuNPs–MB corona centrifuged at
pm for 15 min, (C) AuNPs–blg corona incubated for 15 h and ultra-
-mercaptoethanol.

RSC Adv., 2021, 11, 18198–18204 | 18201

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra02116h


Fig. 6 The fitted curve for the second-derivative amide I (1600–
1700 cm�1) spectrum of blg in different states. (A) Native blg; (B) blg in
AuNPs–blg corona prepared at 4 �C; (C) blg after common centrifu-
gation; (D) blg after b-mercaptoethanol replacement and
ultracentrifugation.
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coronas, and dissociated blg by centrifugation and ultracentrifuga-
tion with b-mercaptoethanol were shown in Fig. 6. The resulting
secondary structural components were summarized in Table 2. The
b-sheet (1628 and 1637 cm�1) is the most common secondary
structure component innativeblg and in separatedblg by high-speed
centrifugation (approximately 80%, Fig. 6A and C). The b-sheet and
310-helix (1663 cm�1) decreased aer being adsorbed on AuNPs,
thereby, the bands assigned to the a-helix (1658 cm�1), b-turn (1667
and 1675 cm�1), and random coil (1648 cm�1) increased (Fig. 6B).
Most cysteine residues located in b-sheet conformation according to
the three-dimensional model,23 which would form Au–S bond with
AuNPs, resulting in destroying the b-sheet conformation.40 Although
most of the adsorbed blg can be separated by analytical ultracentri-
fugation, the secondary structure occurs signicantly changes due to
the presence of b-mercaptoethanol that b-sheet decreased, while
other structure components increased (Fig. 6D).

MB exhibited an a-helix content above 70%, representing the
most common secondary structure in the protein (Fig. S3†). Table
S1† shows no changes in secondary structure components aer
MB was adsorbed on and dissociated from AuNPs. MB likely
adsorbed to the AuNP surface because of a weak force that did not
destroy the forces stabilizing the protein spatial structure.

Cysteine residues and Au–S bonds are the key factors inuencing
theproteins' dissociation efficiency fromprotein corona.Half theAu–S
formation time has signicant meanings to the AuNPs
Table 2 Secondary structure components of native blg, AuNPs–blg cor

310-Helixa a-Helixb

Native 15% 0
Corona 0 26%
Centrifugation 19% 0
Ultra-centrifugation 0 15%

a 310-Helix is 1663 cm�1. b a-Helix is 1658 cm�1. c b-Sheet is 1628 and 1637
the FTIR spectrum.

18202 | RSC Adv., 2021, 11, 18198–18204
bioapplications. When the enrichment time is shorter than that time,
most of the adsorbed proteins can be separated by high speed
centrifugation without structure changes, conversely, when the
enrichment is longer than that time, the dissociation is more difficult
and complex, even changing the secondary structures aer separation.

Experimental
Materials

Tetrachloroaurate (HAuCl4$3H2O), blg from bovine milk, and
MB from the equine heart were purchased from Sigma Aldrich
(USA). AuNPs, with a theoretical diameter of 40 nm, were
fabricated using 100 mL of HAuCl4 (10�2%, w/v) reduced by
1 mL of sodium citrate (1%, w/v).41 The actual size and
concentration were determined by DLS and UV spectra anal-
ysis.42 The stock protein solutions were prepared in 10 mM
phosphate buffer solution (PBS, pH 7.2).

Dynamic light scattering (DLS)

AuNPs–protein (blg or MB) coronas were prepared by incu-
bating AuNPs (3 mL, 5 � 10�4 mM) with proteins (0.3 mL, 50
mM) for 2 h at 4 �C, 24 �C and 44 �C, and then centrifuged at
10 000 rpm for 5 min. 50 mL PBS (10 mM, pH 7.2) was used to re-
suspend the sediment. The protein solutions of AuNPs and
protein coronas formed at different temperatures, and were
ltered through a PTFE 0.45 mm lter. Their hydrometers were
measured by DLS (Nicomp 380, PSS, USA) to estimate the
protein corona thickness change with increasing temperature.
The data collection time was set to 90 s for temperature equi-
librium and 5 s during the kinetic series acquisition.

Isothermal titration calorimetry (ITC)

All ITC experiments were conducted on a MicroCal ITC-200
system (GE Healthcare, USA) at 4 �C, 24 �C, or 44 �C. Proteins
and AuNP solutions were thoroughly degassed by gently stirring
under a vacuum for 5 min at the corresponding temperature
before titration to avoid the formation of bubbles. An injection
syringe was lled with 40 ml (30 mM) of protein, and 200 ml-
AuNPs (4 � 10�4 mM) were placed in the sample cell. The
reference cell was lled with 10 mM PBS (pH 7.2). The proteins
were titrated into the AuNP solution. The titrations consisted of
20 injections; 0.5 ml for the rst injection and 2 ml for each
subsequent injection, under continuous stirring at 1000 rpm. A
blank protein titration was also performed to detect the heat
dilution, which was later subtracted during calculations. The
titration data were analyzed with MicroCal origin V7.0 soware.
onas, separated blg by centrifugation or ultracentrifugation

b-Sheetc b-Turnd Random coilse

81% 0 4%
31% 24% 19%
76% 0 5%
56% 18% 11%

cm�1. d b-Turn is 1667 and 1675 cm�1. e Random coils is 1648 cm�1 in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Surface-enhanced Raman spectroscopy (SERS)

To monitor the time evolution of the Au–S bonds between
AuNPs and proteins (blg or MB), SERS experiments at different
temperatures were performed on a Jobin Yvon XploRA (France).
The coronas were obtained by incubating proteins (0.1 mL, 50
mM) with AuNPs (1 mL, 4� 10�4 mM) for 1, 4, 6, 8, 10, 12, 15, and
20 h at temperatures from 4 �C to 44 �C. The corona spectra
were measured at 532 nm (10 mW) excitation, and the Rayleigh
scattering light was removed by an edge lter. The collection
time was set to 30 s, and the emission signal was collected from
200 to 800 cm�1. All SERS spectra were the result of a single 1 s
accumulation.

Centrifugation

The AuNPs–protein coronas were centrifuged at 15 000 rpm for
15 min to separate the adsorbed MB and blg located on the so
corona. AuNPs–blg corona solution (0.3 mL) was incubated for
15 h and interacted with 0.5 mL of b-mercaptoethanol for 2 h at
44 �C, then centrifuged at 80 000 rpm for 20 min. All the
precipitates were re-suspended in 1 mL of PBS to detect the
uorescence emission intensity (Varian, Sweden). Excitation
experiments were performed at 280 nm with a slit width of
5 nm, and the emission signal was collected from 300 to
450 nm. The values were calculated as an average of triplicate
measurements.

Fourier-transform infrared spectroscopy (FTIR)

The dissociated proteins were prepared following the centrifu-
gation protocols. FTIR spectra of the proteins, coronas, and
dissociated proteins were recorded at 20 �C on a Bomen MB
series FITR Spectrometer (Quebec, Canada) equipped with
a dTGS detector, and constantly purged with dry air, as
described in our previous study.23 A 128-scan interferogram was
collected in single-beam mode with 4 cm�1 resolution. The
relative secondary structure content was determined from
a curve-tting analysis of the amide I band in the range of 1600–
1700 cm�1.

Conclusions

AuNPs are commonly used for protein enrichment in micro-
uidic chips due to their fast protein adsorption, leading to the
formation of a protein corona. The protein corona is mainly
stabilized by non-thio-protein electrostatic forces or thio-
protein Au–S covalent bonds. We found that the corona
formation altered the adsorbed protein structure and charac-
teristics, especially for thio-proteins, hindering subsequent in
situ macromolecule detection and identication. Thus, NPs
dissociation is an important supplemental measurement in
protein analysis and identication. The binding mechanism
and factors inuencing binding are key to understanding the
method of dissociation, including the centrifugation dissocia-
tion efficiency.

In summary, temperature plays a key role in the protein
adsorption on the AuNP surface, especially for thio-proteins.
The binding force decreased with increasing temperatures,
© 2021 The Author(s). Published by the Royal Society of Chemistry
resulting in lower Ka and a reduced adsorbed protein number.
And the Au–S bond formation speed was faster in the AuNPs–blg
corona. The Au–S bond formation time for AuNPs–blg corona was
�12 h at 4 �C. Centrifugation at 16 000 rpm for 15 min separated
most of the adsorbed blg; the incubation time was shorter than
half the Au–S bond formation time. However, blg was only be
separated by b-mercaptoethanol replacement and ultracentrifu-
gation. Moreover, FTIR revealed signicant changes that occurred
in blg's secondary structure aer ultracentrifugation. Contrasting,
most of the MB was be separated from the AuNPs in a short time
because of the weak binding forces. An enrichment time that is
shorter than half the Au–S formation time provides a guide for
AuNP bio-application and can help avoid the need for more
complex dissociation methods.
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