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transited protein corona regulated
cell-membrane penetration and induced
cytotoxicity of ultrasmall Au nanoparticles†

Huayan Yang, *a Meng Wang,a Yanmin Zhang,a Feng Li,b Shaoning Yu,c Lin Zhu,a

Yuming Guo, a Lin Yang *a and Shouning Yang*a

Nanoparticles (NP) in biological fluids almost invariably become coated with proteins to form protein

coronas. It is the NP–protein corona rather than the bare nanoparticle that determines the nanoparticle's

bio-behavior. Here, ultrasmall gold nanoparticles (AuNPs) coated by a human serum albumin (HSA)

corona were studied by Fourier transform infrared spectroscopy, denature experiments, fluorescence

quenching. Moreover, the intracellular fate of AuNPs and the AuNP–HSA corona has also been

investigated. The results show that HSA corona undergo a conformational transition (partial b-sheet

changed to a-helicity) when they adsorb on AuNPs, which lead to an enhanced thermal stability.

Importantly, we observed that the conformation-transited protein corona–AuNP complex could induce

cell apoptosis. Meanwhile, for the first time, the conformation-transited HSA on the AuNPs surface are

shown to disrupt living cell membranes. The results obtained here not only provide the detailed

conformational behavior of HSA molecules on nanoparticles, but also reveal the structure–function

relationship of protein corona, which is of utmost importance in the safe application of nanoscale

objects in living organisms.
1. Introduction

Nanomaterials exposed to a biological milieu will strongly
interact with proteins, forming a “protein corona” on the
surface of nanomaterials.1–5 During the past decade, substantial
progress has been made in understanding the physicochemical
properties of the protein corona.2,5–17 Ultrasmall metal nano-
particles of core size <3 nm, sometimes presenting unique
electrical and optical properties, have received enormous
attention recently.18–21 The development of ultrasmall gold
nanoparticles (AuNPs) provides an avenue for cancer therapy
and in other nanomedicine elds. Better understanding of
ultrasmall-AuNP–protein corona and its interact with cells is
required for its safe and intended use.

The NP–corona-induced cell toxicity22,23 have been related to
different individual parameters in vitro studies. On one hand,
the physicochemical properties of NPs, such as size, shape,
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roughness, and surface properties, play a key role in deter-
mining the outcome of their interactions with cells.2,22,24,25 On
the other hand, the proteomic composition, and aggregation
effects of protein corona and its interaction with cancer cells or
immune cells are also intensively studied.2,26–31 Proteomic
analysis techniques, such as gel electrophoresis and mass
analysis, have been proved that HSA, themost abundant protein
in blood plasma, could be an important component of the
protein corona.14,15,32

It is known that conformational change of proteins poten-
tially associated with neurodegeneration, metabolic disorders,
and other diseases.33,34 In previous work, we successfully
applied Fourier transform infrared spectroscopy (FT-IR) to show
that the protein corona is unfolding when it adsorbed on 40 nm
Au nanoparticles.35,36 We also used uorescence quenching and
isothermal titration calorimetry to probe the binding affinity of
Au nanoparticle–proteins.35,36 In the present research, ultra-
small AuNPs were synthesized and their functions on the
structure and thermal stability of the absorbed HSA corona were
analyzed. Our results revealed that the a-helical component of
HSA was increased aer HSA adsorbed on the ultrasmall AuNPs,
which is much different from the large size AuNPs.36 Further-
more, by using laser scanning confocal microscopy (LSCM), dye
diffusion assay, cytosolic enzyme leakage assays, we found that
the conformation-transited HSA adsorbed on ultrasmall AuNPs
could aggregate around cell membrane and then penetrate the
cell membranes with membranes disruption, which lead to the
RSC Adv., 2019, 9, 4435–4444 | 4435
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increasement of cytotoxicity. These ndings will advance our
understanding of the structure–function relationship of protein
corona, which will play a guide role for the application of
ultrasmall AuNPs in biomedical elds.

2. Materials and methods
2.1 Materials

Bovine serum albumin was purchased from Sigma. Au(III)
chloride trihydrate, sodium citrate, NaCl, NaH2PO4$3H2O, and
Na2HPO4$12H2O were all analytical grade and purchased from
Chinese Sinopharm Chemical Reagent Co., Ltd. Double
distilled water was used. 3-(4,5-Dimethyl-2-thiazolyl)-2-5-
diphenyltetrazolium bromide (MTT) assay, Roswell Park
Memorial Institute (RPMI) 1640 with 1% L-glutamine, phos-
phate buffered saline (0.01 M, pH 7.2) and fetal bovine serum
were purchased form Gibco (Life Technologies, Thermo Fisher
Scientic, Waltham, MA). Lactate dehydrogenase (LDH) cyto-
toxicity assay kit were purchased form Beyotime Institute of
Biotechnology (Shanghai, China). FITC were purchased from
Lumiprobe-Life Science.

2.2 Preparation of Au NPs

The procedure for the synthesis of ultrasmall Au NPs was
adapted from a procedure published by Jana et al.37 with some
modications. A 10 mL aqueous solution containing 2 �
10�4 M HAuCl4 was prepared in a conical ask, and then added
to 10 mL of 2 � 10�4 M sodium citrate solution, stirring for
10 min. Transfer the mixed solution above ice bath. Next,
0.6 mL of ice cold 0.1 M NaBH4 solution was added to the
solution all at once while stirring. The solution turned pink
immediately aer adding NaBH4, indicating particle formation.
The particles in this solution were used as seeds within 5 h aer
preparation.

2.3 Characterization of the Au NPs

Transmission electron microscopy (TEM) analysis were all per-
formed on a JEM-2010 transmission electron microscope.
Samples were prepared by dipping a carbon-coated copper grid
into water containing the AuNPs, and the solvent evaporated at
room temperature into the air. Dynamic light scattering (DLS)
and zeta potential data were acquired from a MALVERN Zeta-
sizer, Nano-ZS (Malvern Instruments, UK). 10 mg Au–HSA
corona was dissociated in 3 mL of concentrated nitric acid, then
heated to 120 �C for 3 h. The obtained solution were diluted to
100-fold, and then introduced into ICP-MS to detect the signal
of Au ions. Thermogravimetry analysis (TGA) of the samples was
conducted on a NNENETZNETZSCH STA 449 C instrument.

2.4 Establish the protein coronas

To date, most studies have used centrifugation and stringent
washing to establish the protein coronas.1,38,39 In this article,
10 mg HSA lyophilized powder was dissolved in 20 mM phos-
phate buffer (pH 7.0, 1 mL). The obtained nanoparticle solution
was incubated with HSA at 25 �C to form Au–HSA coronas.
Centrifugation was used to separate the unbound protein as
4436 | RSC Adv., 2019, 9, 4435–4444
well as nanoparticle–corona complex. The amount of protein
adsorbed by the particles aer incubation and centrifugaliza-
tion was quantied by SDS-PAGE experiments (4% stacking gel
and a 12% separating gel).

2.5 FTIR spectroscopy

Protein spectra were obtained using our previously established
protocol.40 FT-IR spectra were measured with a Bomem MB
series Fourier transform infrared spectrometer (Quebec, Can-
ada) equipped with a deuterated triglycine sulfate detector and
purged constantly with dry air. Protein–nanoparticle samples
were loaded in a CaF2 cell with a 7.5 mm spacer. For each
spectrum, a 128-scan interferogram was collected in single-
beam mode and at 4 cm�1 resolution. Reference spectra were
recorded under identical conditions without protein in the cell.
A straight baseline between 2000 and 1750 cm�1 was used as the
standard to judge the success of water subtraction.40 Second-
derivative spectra were obtained with a seven-point Savitsky–
Golay derivative function, baseline-corrected, and area-
normalized as described in our previous work.40 The
secondary structure content of protein corona was calculated by
curve-tting analysis of the inverted second-derivative spectrum
in the amide I band range of 1600–1700 cm�1.

2.6 Fluorescence quenching

Protein quenching experiments were performed on a Cary
Eclipse uorescence spectrometer with a temperature controller
(Varian, Palo Alto, CA) using a 3 cm quartz cuvette at different
temperatures. The protein concentration was set 0.2 mg mL�1,
and the concentration range of AuNPs was 0 to 7.8 � 10�4 mM.
The protein solution and NPs were equilibrated for 1 h at 290 K,
298 K, and 310 K. Excitation was performed at 295 nm with a slit
width of 5 nm and the emission was performed at 340 nm with
a slit width of 5 nm. For every point the uorescence intensity
was read at least 10 times to ensure that the result was not
located at an extreme deviation region.

2.7 Equilibrium chemical unfolding

Chemical denaturation experiments were performed using high
purity guanidine hydrochloride (GdmCl, Sigma) as denaturants.
For experiments conducted, samples of 0.2 mg mL�1 HSA or
AuNP–HSA corona (protein concentration 0.2 mg mL�1) were
prepared in 10 mM phosphate buffer, respectively, and then
diluted 10-fold in samples containing GdmCl concentrations
ranging from 0 to 6 M urea. Samples were incubated for 24 h at
room temperature to ensure equilibrium had been reached.
Circular dichroism (CD) measurements were carried out with
0.1 cm pathlength cuvette, using Jasco J-810 polarimeter. Data
were collected at a 0.5 nm interval with a response time of 4 s in
the wavelength range of 200–260 nm. The corresponding buffer
spectrum was subtracted from the protein spectrum.

2.8 Cell line and cell culture

The BRL 3A rat liver cell line was purchased from Shanghai
institute of life sciences, Chinese academy of sciences. The cells
This journal is © The Royal Society of Chemistry 2019
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were cultured in DMEMmedium supplemented with 10% heat-
inactivated FBS, penicillin (100 units per mL), streptomycin
(100 mg mL�1), amphotericin B (0.25 mg mL�1) at 37 �C in
a humidied incubator at fully humidied atmosphere at 37 �C,
5% CO2 and 95% room air.
2.9 Cytotoxicity assay

The cytotoxicity of Au NPs and Au–corona complexes to cell were
determined by MTT assay. Cell (5 � 104 cells per mL per well)
were seed in 96-well tissue culture plates for 24 h and then the
culture media was discarded and washed by 1� PBS, and then
incubated with 100 mL of fresh medium (0% FBS) containing
different concentration of NPs and protein corona for another
6 h. Subsequently, 20 mL MTT solution was added to each well
and incubated for 3 h. The AuNPs were used and contained
concentrations of Au ion were 200, 100, 50, 25, 12.5, 6.25, 3.13,
1.56 mg mL �1. The concentrations of AuNP–HSA corona were
established by ICP-MS and the same Au ion concentration were
used. Then, the culture mediumwas removed and replaced with
150 mL per well DMSO. The color intensity of the medium was
measured at 570 nm using a MK3 microplate reader (Thermo
Fisher Scientic Inc.) to calculate the cell viability. All experi-
ments were conducted at least twice to ensure the reproduc-
ibility of the results.
2.10 Cytotoxicity Assay-LDH

Cells were plated at a density of 1 � 10 4 cells per well in a 96-
well plate and cultured for 24 h. Cells were then exposed to
AuNPs and AuNP–HSA corona in basic culture medium (without
FBS) with various concentrations and incubated for 6 h. LDH
analysis was carried out according to the manufacturer's
instructions of LDH Cytotoxicity Assay Kit (Beyotime). The
absorbance of each well was read at 490 nm with Absorbance
Microplate Reader (ELx800, BioTek Instruments, USA).
2.11 Conjugation of proteins and dyes

HSA (3 mL, 300� 10�6 M�1) was conjugated with 100 mL 10�3 M
FITC (excitation wavelength 495 nm and emission wavelength
519 nm), overnight at 4 �C with continuous stirring. The
mixture was maintained at a pH of 8.5 to ensure monolabel-
ing.41 The protein conjugates were separated from the mixture
by passing through a Sephadex G-25 column and eluted with 10
� 10�3 M phosphate buffer solution (PBS, pH 7.2). The effluent
was collected from 2.5 to 6 mL. The dye-labeled proteins were
dialyzed against PBS buffer at 4 �C overnight to remove
unreacted dye. The labeled HSA were incubated with AuNPs for
10 h and then centrifuged to separate the unbound HSA as well
as AuNP–HSA* corona complex.
2.12 Dye diffusion

Live cells were rst stained with calcein-AM (3 mM) for 30 min
and then washed 3 times. Then AuNP–HSA corona were incu-
bated with the stained cells for 0.5 h, 3 h and 24 h. For calcein
stain, live cells were incubated with AuNP–HSA corona (3 mM)
This journal is © The Royal Society of Chemistry 2019
for 0.5 h, 3 h and 24 h and then washed 3 times for confocal
microscopic imaging.

2.13 Confocal microscopic imaging

Olympus spectral confocal multiphoton microscope (FV1200)
was used to image cell. These imaging results were obtained at
the following parameters: internal PMTs at 16 bit and 1024 �
1024 pixels, excitation wavelength of 488 nm, and scan range of
500–540 nm (green channel).

2.14 Statistical analysis

Statistical signicant was calculated using two-tailed Student's
t-tests and dened as *P < 0.05, **P < 0.01, ***P < 0.001.

3. Results
3.1 Physicochemical properties of AuNPs and binding HSA
characteristics

AuNPs was prepared by the reduction of gold chloride in
aqueous medium using sodium borohydride.37 This causes Au3+

ions be reduced into neutral gold atoms which aer precipita-
tion form nanoparticles. A representative transmission electron
microscopy (TEM) image is shown in Fig. 1a. The primary
particle size was measured to be �2.8 nm (Fig. 1b). Fig. 1c
shows the molecular weight (MW) of HSA is 66KD and the
saturated adsorption of AuNPs was ca. 0.08 mg-HSA/1 mg-
AuNPs, which was evaluated by ImageJ soware. Dynamic
light scattering (DLS) measurement of the NPs with and without
HSA were carried out. As shown in Fig. 1d, the hydrodynamic
diameter of the prepared AuNPs in water is approximately
�10 nm, while the size of HSA-coated AuNPs is �25 nm
(Fig. 1d). Zeta-potential of AuNPs solution (0.1 mM in water)
gave a slightly negative surface charge (�8.7 eV, Fig. 1e), while
the HSA-coated AuNPs is �26.2 eV. The observation indicates
that the HSA bind on the surface of AuNPs. The UV-vis
absorption spectra and photograph of dispersions of AuNPs
and AuNP–HSA corona showed in Fig. 1f. The AuNPs and AuNP–
HSA corona exhibited UV absorbance band centered at 520 nm
and both of them show a high colloidal stability in aqueous
solution. The amount of the Au in Au–HSA corona has been
conrmed by inductively-coupled-plasma-atomic-emission-
spectroscopy (ICP-AES). The results show that the metal
content is about 88.9% in protein corona (showed in Fig.
S1(a)†). Thermogravimetric analysis (TGA) was conducted to
determine the amount of HSA. Au–HSA corona show a weight
loss at 200–300 �C as a result of HSA thermal decomposition. In
this way, the content of HSA in Au–HSA corona was determined
as 12% (showed in Fig. S1(b)†). The results are consisted with
the SDS-PAGE results.

3.2 Structure of protein corona on the surface of Au NPs

Albumin is themost abundant protein in human plasma.42 Data
on the secondary structure of albumin is predominantly a-
helical (�65%) structure with the remaining being made up of
b-sheet (16–18%).43,44 FT-IR spectroscopy is used for character-
izing the structure of the protein corona since this technique is
RSC Adv., 2019, 9, 4435–4444 | 4437
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Fig. 1 Characterization of the synthesized ultra-small gold nanoparticles. (a) TEM images, (b) size histograms. (c) SDS-PAGE of HSA incubated
with different concentration of AuNPs. (d) Dynamic light scattering spectra, (e) zeta-potential measurements. (f) UV-vis absorption spectra of
AuNPs and AuNP–HSA corona (inset: photos of AuNPs and AuNP–HSA corona in PB).
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a useful tool in understanding the secondary structure of
protein in various environments.45–51 The differential pattern in
H-bonding, along with the geometric orientations of amide
bonds in a-helices, b-sheets, and random coil structures, allow
the different vibration frequencies to be associated with indi-
vidual secondary structural folding.52 The IR spectra in Fig. 2a
show a broad amide I band contour between 1610 and
1690 cm�1 that consists of overlapping component bands
arising from different secondary structure elements. Amide I is
the most sensitive region to the secondary structural compo-
nents of proteins, from Fig. 2a we can see the amide I peak of
AuNP–HSA corona shis to lower wavenumbers compared with
native HSA.

The amide I band (1700–1600 cm�1) is the most sensitive
region to the secondary structural components, which has been
widely used to quantify the individual elements of secondary
structures.48,53 The second derivative analysis provides a math-
ematic solution to the overlapping components under the
amide I band contour and reveals basic band components
assignable to various secondary structural elements. From
previous studies, the bands between 1656 � 2 cm�1 are
assigned to a-helical structures. The bands between 1642 and
1624 cm�1 are assigned to b-sheet components. The bands
located at 1688, 1680, 1672, and 1666 cm�1 are assigned to b-
turn structures. The characteristic band for random coil
conformation is located at 1648 � 2 cm�1.48,54 Fig. 2b shows the
representative secondary-derivative amide I spectra of native
HSA and Au–HSA corona. The peak position and intensity show
some changes. Compared with native BSA, a-helix absorbs at
1654 cm�1 was obviously become broader and the intensity was
increased, indicating a-helical structure increased. Meanwhile,
4438 | RSC Adv., 2019, 9, 4435–4444
the bands between 1642 and 1624 cm�1 were decreased and the
number of the resonance peaks also reduced, which demon-
strate the transformation of b-sheet to a-helical structure
(Fig. 2c and d).

The curve tting of the inverted secondary derivative spec-
trum provides additional quantitative information about the
secondary structures of HSA and HSA–AuNPs complex. As show
in Table 1, HSA consists of 62% a-helices, 12% b-sheet, 8% b-
turn, 10% random, HSA corona consists of 77% a-helices, 9% b-
sheet, 11% b-turn at 20 �C. The a-helices component bands of
HSA–AuNPs increased by 15%. These ndings suggest that the
ultrasmall AuNPs interaction with HSA, increased their helical
secondary structure. This change in conformation may arise
from a stronger interaction.
3.3 Stability of protein corona

In order to study the effect of ultrasmall AuNPs on stability of
protein coronas, HSA and AuNPs binding HSA at different
temperature (37 �C, 50 �C and 70 �C) were also studied by FTIR
in aqueous solution (Fig. S2,† and Table 1). From Table 1, we
can nd that when the HSA and AuNP–HSA complex were
heated to 37 �C for 30 min, both HSA and HSA corona show
a decrease in a-helical structural proportions as the tempera-
ture increasing, respectively. HSA consists of 59% a-helices,
HSA corona consists of 68% a-helices. When the HSA and
AuNPs–HSA complex incubated at 50 �C for 30 min, a-helices
component of HSA and HSA corona were 56% and 65%. When
the AuNPs–BSA complex incubated at 70 �C for 30 min, HSA
consists of 36% a-helices, 27% b-sheet, 6% b-turn, 14%
random, HSA corona consists of 46% a-helices, 30% b-sheet,
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 FTIR spectra of native HSA and AuNP–HSA corona at 20 �C. (a) IR absorption spectra; (b) secondary-derivative amide I spectra; (c) and (d)
curve-fitted inverted second-derivative amide I spectra of HSA and HSA coated on AuNPs at 20 �C. The second-derivative FTIR spectra using
a seven-point Savitsky–Golay derivative function.
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7% b-turn, 7% random. In contrast, the HSA–AuNPs are found
to be keep higher component of a-helices than HSA. Therefore,
it can be concluded that HSA–AuNPs possess a more thermal
stability than pure HSA.

The conformational stabilities of protein corona and
native protein were studied by chemical denaturation on CD
instrument (Fig. 3). The AuNP–HSA corona shis the
conformational transition curve to a higher concentration of
GdnHCl, yielding a midpoint of 2.3 M vs.2.0 M for pure
protein. This data reveal that the GdnHCl-induced unfolding
of protein corona is less cooperative than that of native
protein, suggests that the protein absorbed on the ultrasmall
AuNPs is more stable than the pure protein. This result
conrms that the ultrasmall AuNPs binding HSA shows an
improvement in stability.
Table 1 Curve-fitted inverted second-derivative amide I spectrum of ul
second-derivative spectrum was done by factoring by �1a

Assignment Frequency (cm�1)

20 �C, percent (%) 3

Corona BSA C

a-Helix 1656 � 2 77 62 6
b-Sheet 1643–1623 9 12 1

1698–1689
b-Turn 1687–1666 11 8 8
Random 1648 � 2 0 10 6
Side chain 1623–1600 3 3 2

a Secondary structure contents were obtained from curve-tting the inver

This journal is © The Royal Society of Chemistry 2019
3.4 Interaction of HSA with ultrasmall AuNPs

The interaction of HSA with ultrasmall AuNPs was studied by
quenching of the tryptophan uorescence of protein by AuNPs.
A notable decrease in uorescence intensity (Fig. 4a) of Trp
uorophore was observed by successive addition of AuNPs. An
intense tryptophan uorescence at �344 nm indicates that the
tryptophans are present in nonpolar environment. Upon adding
of AuNPs, a progressive reduction in tryptophan uorescence
intensity was observed. The uorescence quenching can be
described by the well-known Stern–Volmer (SV) equation,55,56

F0

F
¼ 1þ Ksv½Q� (1)

where F0/F is the fractional decrease in uorescence due to the
quencher (Q), and Ksv is the quenching constants, respectively.
trasmall AuNPs binding BSA at different temperature. The inversion of

7 �C, percent (%) 50 �C, percent (%) 70 �C, percent (%)

orona BSA Corona BSA Corona BSA

8 59 65 56 46 36
6 15 12 15 30 27

6 10 10 7 6
13 9 14 7 14
2 2 4 16 17

ted FT-IR second-derivative amide I spectra as shown in Fig. 2, 4 and 5.

RSC Adv., 2019, 9, 4435–4444 | 4439
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Fig. 3 Chemical denaturation of native HSA and AuNP–HSA corona in
the presence of increasing concentration of GdnHCl by CD instru-
ment. Data were fitted to a standard two-state model.
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F0/F against Q have been plotted and the results are shown in
Fig. 4b and c. The Stern–Volmer quenching constant (Ksv) values
were 8.25 � 105 M�1, 2.23 � 105 M�1, 2.04 � 105 M�1 at 290 K,
298 K and 310 K. The decreased Ksv with the elevated temper-
ature demonstrate that there is a specic interaction between
the proteins and AuNPs and the probable quenching mecha-
nism was initiated by static quenching. From these results, we
can deduced that the AuNPs bind with HSA and formed
a complex. The binding constants of AuNPs and HSA can be
calculated using eqn (2).57–59

lg

�ðF0 � FÞ
F

�
¼ lg Kb þ n lg½Q� (2)
Fig. 4 AuNPs quenching of tryptophan fluorescence of HSA at 290 K,
spectra. (b) Stern–Volmer plots and (c) modified Stern–Volmer plots for

Table 2 The thermodynamic parameters (DH, DS and DG) for HSA–AuN

T (K) Ksv (10
5 L mol �1) Kb (104 M) n

290 8.25 8.51 0.99
298 2.23 6.92 1.01
310 2.04 1.51 1.28

4440 | RSC Adv., 2019, 9, 4435–4444
In which Kb is the binding constant and n is the number of
binding sites. Under the assumption of no signicant variation
of the enthalpy change (DH) within the range of temperature
studied, the enthalpy change (DH) can be evaluated from the
van't Hoff equation:  

vln Ka

v 1
T

!
P

¼ � DH

R
(3)

where Ka is analogous to the associative binding constants at
the corresponding temperature, and R is the gas constant.

The free energy change (DG) and entropy change (DS) of the
process are estimated from the following relationship:

DG ¼ RT ln Ka (4)

DG ¼ DH � TDS (5)

According to Ross' report60 the main binding forces can be
judged by thermodynamic parameters. DH > 0 and DS > 0 imply
a hydrophobic interaction; DH < 0 and DS < 0 reect van der
Waals forces or hydrogen bonding; DH < 0 and DS > 0 suggest
electrostatic forces. The positive value of DS and the negative
value of DH reveal the predominance of electrostatic interac-
tions in the binding of Au NPs with HSA (Table 2).
3.5 Interaction of the AuNP–HSA corona with cells

3-(4,5-Dimethyl-2-thiazolyl)-2-5-diphenyltetrazolium bromide
(MTT) assay was employed to determine the cytotoxicity of
AuNPs and AuNP–HSA corona at different concentration
(contain Au ion were 200, 100, 50, 25, 12.5, 6.25, 3.13, 1.56
mg mL �1). The normal liver cell (3A) line was used as the
research model. From Fig. 5a, we can nd that the toxicity of
298 K and 310 K. (a) Effect of AuNPs on HSA fluorescence emission
the HSA binding on AuNPs.

Ps interaction

DG
(kJ mol�1 K�1)

DH
(105 kJ mol�1)

DS
(J mol�1 K�1)

�5162 �1.86 659

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 AuNP–HSA corona internalization in cells. (a) Cell viability of 3A cells incubated with AuNPs and Au–HSA corona for 6 h at different
concentrations (200, 100, 50, 25, 12.5, 6.25, 3.13, 1.56 mg mL�1). (b) LDH release from cells exposed to AuNPs and Au–HSA corona or 6 h. (c)
Confocal laser scanning microscopy (CLSM) upper line: fluorescent detection of 3A cells by AuNP–HSA corona was stained by FITC (green);
middle line: 3A cells were pre-loaded with calcein-AM, and then co-incubated with AuNP–HSA corona for 0.5 h, 3 h and 24 h; bottom line: 3A
cells incubated with calcein and AuNP–HSA corona. (d) and (e) Mean fluorescence intensities from confocal images at (c). All data are presented
as the mean � SD of three replicates. *P < 0.05 and **P < 0.01.
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AuNP–HSA corona was much higher than the Au NPs. The cell
viabilities were all above 80% aer being exposed to AuNPs even
at the high concentration of 200 mg mL�1 for 6 h. However,
when cells were exposed to AuNP–HSA corona, the cytotoxicity
showed a concentration-dependent, and the cell viabilities
decreased dramatically to 38% at the concentration of 200 mg
mL�1. The AuNP–HSA corona regulate 293T cell cytotoxicity and
the integrity of cell membranes have been also investigated. The
result shows that the toxicity of AuNP–HSA corona was also
much higher than the Au NPs (Fig. S3†). This result indicates
that ultrasmall AuNPs used in our current study present almost
no cytotoxicity, but the AuNP–HSA corona showed signicant
toxicity to normal cells. MTT assay was also employed to
determine the cytotoxicity of AuNPs and AuNP–HSA corona in
complete medium (with 10% fetal bovine serum). The result
also show that the cell toxicity of AuNP–HSA corona was higher
than the AuNPs (Fig. S4†).

The integrity of cell membranes treated with different
concentration of AuNPs and AuNP–HSA corona were studied by
LDH release assay (Fig. 5b). If NPs permeabilize cell membranes
This journal is © The Royal Society of Chemistry 2019
and introduced nanoscale holes into the living cell membranes,
cytosolic enzymes such as LDH may be released into the cell
media.61 The results show that the ultrasmall AuNPs have only
subtle inuence on the cell membrane, however, AuNP–HSA
corona cause the leakage of LDH. When the integrity of plasma
membrane is compromised, LDH is rapidly released into the
cell culture supernatant. The membrane damage caused by
AuNP–HSA corona was also found to be concentration depen-
dent. We deduced that AuNP–HSA corona penetrate into the cell
and its concomitant membrane disruptions. The integrity of
293T cell membranes also treated with different concentration
of AuNPs and AuNP–HSA corona were studied by LDH release
assay (Fig. S5†). The results show that the AuNP–HSA corona
cause more leakage of LDH than ultrasmall AuNPs.

To determine how the AuNP–HSA corona interact with cells,
we labelled the corona with FITC dye, and confocal laser scan-
ning microscopy was employed to monitor the process that the
labelled HSA–AuNP interact with living cells (Fig. 5c). At 0.5 h,
we cannot see signicant labelled HSA–Au NP attach to cells. At
3 h, the labelled HSA corona attached to the cell membrane, and
RSC Adv., 2019, 9, 4435–4444 | 4441
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it exhibit punctate uorescence patterns. It is in agreement with
previous ndings.61,62 At 6 h, the AuNP–HSA could be internal-
ized by cells. Therefore, we can conclude that AuNP–HSA corona
interaction with cells is a two-step process, the nanoparticles
initially adhere to the cell membrane and then internalized by
cells.63

To further explore the interaction of AuNP–HSA corona and
cells, a cytosol-localized experiment was designed and carried
out. Calcein-AM is an acetomethoxy form of the dye that is
trapped in the cytosol by conversion from a membrane-
permeable to membrane-impermeable form by intracellular
esterases. Firstly, 3A cells were pre-loaded with calcein-AM.
Then, AuNP–HSA corona incubated with the calcein-AM-dyed
cells. Finally, CLSM was used to detect measurable leakage of
calcein-AM from cells at 0.5 h, 3 h, and 24 h (Fig. 5c). As shown
in Fig. 5c, the uorescence signals at 0.5 h have no signicant
difference with the untreated cell. When cells and AuNP–HSA
corona were incubated for 3 h, the uorescence intensity has
decreased 20%. At 24 h, it exhibited a punctate extracellular
distribution of dye, and the uorescent intensity of calcein-AM
in cell decreased dramatically, which may cause calcein-AM
escape to extracellular. To conrm the Au–HSA corona pene-
trate cell membranes and can create transient holes, we also
tested whether the internalization of Au–HSA corona was
accompanied by entry of an initially extracellular tracer dye.64

First, cells were co-incubated with Au–HSA corona and calcein;
calcein can only stay in endolysosomal compartments in cells
unless it is co-internalized with a membrane-disrupting agent.
Cells were incubated for 0 h, 3 h, 24 h with calcein and Au–HSA
corona, washed and imaged by confocal microscopy. As shown
in Fig. 5c, Au–HSA corona caused vast calcein to escape into the
cytosol of the cells, whereas AuNPs incubated with calcein alone
exhibited slightly distribution of dye. Combined the data
described above showing that Au–HSA corona clearly access the
cytosolic compartment, and induce calcein AM escape cell and
promote calcein entrance into cytosol, we can deduce that the
presence of AuNP–HSA corona disrupt integrity of the cell
membrane, which may cause the leakage of ions and molecules
out of the cell, and lead to cell death.61,65

4. Discussion

In this work, ultrasmall AuNPs with the average size about
2.8 nm were prepared using ice-cold sodium borohydride. The
obtained AuNPs have a high affinity binding to HSA. SDS-PAGE,
DLS and zeta potential conrm the formation of AuNP–HSA
coronas. FT-IR spectroscopy was employed for characterizing
the secondary structure of the protein corona. We found the a-
helices component bands of AuNP–HSA corona increased by
15% when compared with native HSA. Fluorescence quenching
results shows the changes in corona conformation may arise
from a stronger electrostatic interaction between AuNPs and
HSA. Furthermore, the corona was found to have a special
ability to keep higher component of a-helices than native HSA at
elevated temperatures. Chemical denaturation of HSA and
AuNP-bound HSA in the presence of GdnHCl also showed the
improvement in stability of protein corona. Taken together with
4442 | RSC Adv., 2019, 9, 4435–4444
these results, it can be deduced that HSA corona may undergo
conformational transition at the interface, and it might form an
intermolecular H-bond containing a-helices conformation. The
evaluation of cellular cytotoxicity shows that ultrasmall AuNPs
used in our current study present almost no cytotoxicity in basic
medium for 6 h, but the AuNP–HSA corona showed signicant
toxicity to 3A cells at the same condition. This is in stark
contrast with large-sized Au nanorod–BSA corona, which
showed the unfolding protein can protective effect of protein
coronas against the toxicity of nanomaterial.65 A possible
explanation is the “rigid” conformation of serum protein and
NP size inuence the interaction of AuNPs and cells.

The cell membrane, as the primary defensive barrier of the
cell, plays a key role in the uptake of NPs.66,67 Previous studies
have shown some polymer nanoparticles penetrate the plasma
membranes of cells by generating transient holes which can
lead to cell death.61 NPs can adhere to the amphiphilic lipid
bilayer surface or become inserted into the bilayer alkane chain
region, where they can disturb phospholipid bilayers and block
membrane proteins.68 Verma et al. found that cationic nano-
objects can pass through cell membranes by generating tran-
sient holes, a process associated with cytotoxicity.64 Leroueil
et al. showed 5 nm poly(amidoamine) NPs could cause LDH
leakage, but the poly(amidoamine)-folic acid enters the cell with
no LDH leakage.61 Our results show that the ultrasmall AuNPs
have subtle inuences on the cell membrane. However, the
AuNP–HSA corona cause LDH release. This is different from
previous reports, where the surface-adsorbed serum provides
some degree of protection to the cells and reduces damage.69

We deduced that AuNP–HSA corona penetration the cell and its
concomitant membrane disruptions. This result was conrmed
through uorescent confocal studies, which shows the AuNP–
HSA corona interaction with cells is a two-step process whereby
the nanoparticles initially adhere to the cell membrane and
then internalized by cells. Furthermore, from studies with
tracer dyes (with noticeable leakage), we determined the AuNP–
HSA corona penetrate cell membranes and cause substantial
membrane disruption.

The mechanism of AuNP–HSA corona interaction with cell is
very diverse, complex and hard to clarify. Wang reports that the
secondary structure of the proteins can be altered by adsorption
on the surface.65 Schnitzer et al. have demonstrated that
albumin conjugated to colloidal gold particles can bind with
cell membrane-associated glycoproteins.62 Our further work
toward determining the molecular mechanism of the confor-
mational transition take effect on the cell membrane and
subcellular components was undergoing in our laboratory.

5. Conclusion

In conclusion, a typical protein corona binding on ultrasmall
AuNPs was systemically studied here. FT-IR was applied to
address the key question of the secondary structure of protein
corona on nanoparticles, and found that ultrasmall AuNPs can
induce the transformation of the conformation of protein. The
in vitro experiments showed that AuNP–HSA corona were toxic
to cells but the bare AuNPs were nontoxic. Further studies show
This journal is © The Royal Society of Chemistry 2019
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that the AuNP–HSA corona interaction with cells is a two-step
process whereby the nanoparticles initially adhere to the cell
membrane and then internalized by cells. Further exploration
demonstrate that the AuNP–HSA corona could penetrate cell
membranes and companied by substantial membrane disrup-
tion, which lead to death of the cell. These ndings and the
combined strategy will provide guidance between NPs and
biological interfaces, which is of utmost importance in the safe
application of nanoscale objects in living organisms.
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