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Abstract
The cellular protein quality control (PQC) system ensures the intracellular misfolded/unfolded proteins to
be detected and eliminated. ER-associated degradation (ERAD) and unfolded protein response (UPR) are
the key mechanisms of PQC, which maintain protein homeostasis and ensure cell survival. Here, we show
that after internalization by human epithelial cells, gold (Au) nanoparticles (NPs) localized in
endoplasmic reticulum (ER) and induced an accumulation of misfolded/unfolded proteins. Au NPs
activated UPR, but suppressed ERAD shown by a reduced degradation rate of the ERAD marker CD3-δ-
YFP, which triggered ER stress through IRE1-XBP1-Chaperones and PERK-eIF2α-ATF4-CHOP pathways.
The Au NP-dependent ER stress consequently induced the intracellular accumulation of ROS, and caused
cell apoptosis/death, concomitant to production/release of in�ammatory cytokines and chemokines.
This study for the �rst time shows that NPs can interfere with the cellular PQC system by impairing ERAD
activity, which in turn initiates a cascade of events leading to cell death and in�ammation.

Introduction
The safety of engineered nanoparticles (NPs) is one of the most extensively addressed issues in the
context of nanotechnological development and applications1,2. Within nanosafety studies, focusing on
the interaction of NPs with biological systems, the interaction with proteins has received particular
attention. The function of NPs can be profoundly affected by protein coating3, and vice-versa NPs can
strongly affect protein conformation, so that they could be used to destroy proteins or protein aggregates
extracellularly4. Despite the many studies on the capacity of NP to interact with protein in the extracellular
milieu or in cell-free conditions, and despite the abundant evidence of NP internalization by cells, if and
how NPs can interact with intracellular proteins is still unknown.

The correct production and folding of structural and effector proteins are crucially important for the cell
life and functions. Thus, cells are endowed with the so called protein quality control (PQC) system for
maintaining a healthy protein homeostasis in cells5. Proteins are synthesized within the endoplasmic
reticulum (ER), which acts as a protein biosynthesis and modi�cation factory. Within the newly
synthesized proteins in the ER, improperly folded proteins can be produced that, if not eliminated timely,
will trigger ER stress and consequently lead to cell death6. Hence, the PQC system is evolved and used by
cells to identify and eliminate the misfolded/unfolded proteins, thereby maintain protein homeostasis
and preventing ER stress5. The dysregulation of PQC is associated with Alzheimer's disease, cancer, as
well as other diseases, and has been proved critical for human healthy7-9.

The ER related PQC machinery encompasses two key elements, the ER-associated degradation (ERAD)
and the unfolded protein response (UPR) (Schema 1)10. The ERAD works as the �rst step to detect,
transfer the misfolded/unfolded proteins from ER to cytosol for their degradation through ubiquitination
(Schema 1). ERAD failures, even partial, may lead to su�cient accumulation of anomalous proteins for
inducing ER stress, which in turn activates the UPR as a feedback mechanism. The UPR modulates the
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expression of ERAD genes in order to restore ER homeostasis and promote cell survival. The UPR is
activated by three sensors: the protein kinase RNA (PKR)-like ER kinase (PERK), the activating
transcription factor 6 α (ATF6α), and the inositol-requiring kinase 1 (IRE1)11-13. In ER homeostasis, the
molecular chaperone BiP binds to and sequesters the three sensors, thereby preventing UPR activation14.
However, in the PQC process, BiP can recognize and bind to the misfolded/unfolded proteins and
contribute to their elimination by either inducing their correct folding or the cytosol transferring and
subsequent degradation during the ERAD process (Schema 1)15. In these circumstances, BiP is engaged
by the misfolded/unfolded proteins and cannot sequester the three UPR sensors, which can therefore
initiate the UPR signaling for ER homeostasis recovery14. While modulation of ERAD and UPR has been
described for many drugs and other agents16, so far no information is available on the capacity of
nanomaterials to interact and modulate the cellular PQC system.

Gold nanoparticles (Au NPs) have been extensively used in biomedical applications because of their
unique physicochemical and optical properties17. Many studies have addressed the safety of Au NPs by
examining their biocompatibility, cytotoxicity and immunotoxicity18,19. Because of their potential
biomedical applications, it is of key importance to understand if and how Au NPs can affect human cells
and induce cell death and in�ammation. Knowledge of the subcellular and molecular mechanisms
underlying toxic/in�ammatory effects will not only shed light on some fundamental aspects of the nano-
bio interactions, but it can pave the way for the successfully clinical application of Au NPs.

Some evidence is available on the interaction of Au NPs with the ER. It has been reported that the Au NPs
can localize in ER and Golgi in B16F10 mouse melanoma cells20. Branched polyethyleneimine (BPEI)-
coated Au NPs with therapeutic miRNA loading have been found to targeting ER in human mesenchymal
stem cells and promote osteogenic differentiation21. Another report showed that the intracellular
accumulation of Au NPs can cause ER stress and apoptosis in human neutrophils22. A proteomic study
showed that cell death caused by Au NPs in human chronic myelogenous leukemia cells was associated
with a strong ER stress response23. Although there are many publications on NP-induced ER stress, little
information is available on the underlying mechanisms. The hypothesis of our study is that Au NPs may
cause ER stress by inducing protein misfolding/unfolding. While there is no evidence that Au NPs can
cause intracellular protein misfolding, this is suggested by their capacity to affect the folding of
extracellular proteins.  Deng et al. showed that poly (acrylic acid)-coated Au NPs can cause unfolding of
plasma �brinogen extracellularly24. Binding of bovine serum albumin to the surface of Au NPs can cause
signi�cant conformational changes in the protein secondary structure, resulting in less a-helix content
and more open structures25,26. In addition, we may hypothesize that Au NPs could cause ER stress not
only by inducing protein misfolding but also by promoting their accumulation, i.e. by interfering with the
function of the intracellular PQC system.

To study the possible interference of Au NPs with the PQC system, we have chosen to study human
primary epithelial cells, because these cells are the �rst barrier/defence line that protect the body from
external agents27. In a stress condition, epithelial cells could synthesize and secrete many cytokines to
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alarm the immune defensive system of the impending danger, and recruit immune/in�ammatory cells to
the affected site27. The vigorous protein synthesis in epithelial cells makes them a good model for PQC
studies. Therefore, the objective of this study was to investigate the potential effects of Au NPs on the
PQC system in human cells and the molecular mechanism of the subsequent NP-induced ER stress.
Thus, we have evaluated the intracellular location of Au NPs and the NP-induced protein
misfolding/unfolding. Then we have assessed the subsequent Au NPs effects on the mechanisms of
ERAD and UPR, and analysed the Au NP-induced ER stress, in�ammatory activation and cell death. In this
context, we have evaluated the role of the protein corona of Au NPs in mediating the effects on the PQC
system and eventual cell toxicity/in�ammation.

Results
Characterization of Au NPs

The Au NPs that we used in this study were spherical NPs with 40 nm in diameter and functionalized with
BPEI (branched polyethyleneimine). We characterized the Au NPs with transmission electron microscopy
(TEM), ultraviolet-visible (UV-VIS) spectrophotometry and DLS analysis, which indicated a mean
hydrodynamic diameter of 50 nm and positive surface charge (Fig. 1a-c, Table 1). The hydrodynamic
diameter of Au NPs was generally larger than the core particle size observed by TEM. Formation of a
protein corona on Au NPs, by incubation with human plasma, caused an increase in the hydrodynamic
diameters and a negative Z-potential (Table 1). The characterization of FITC-functionalized BPEI-Au NPs
was shown in Supplementary Fig. 1, which indicated a successful FITC conjugation.

Since bacterial endotoxin is a common, highly biologically active contaminant that can mask the
biological effects of NPs, were screened Au NPs for endotoxin and con�rmed a contamination of less
than 2 EU/mg particles. This low contamination ensures that we can reliably attribute to Au NPs the
biological effects assessed in this study, excluding a signi�cant contribution by biologically active
exogenous contaminants such as endotoxin28-30. The cytotoxicity of the Au NPs was assessed in vitro.
Human primary epithelial cells (HEK cells) were exposed to Au NPs at various concentrations for 24 h. A
signi�cant decrease in cell viability was evident upon exposure to Au NPs, with a calculated the half
maximal inhibitory concentration (IC50) as 70 μg/ml, and a 10% inhibitory concentration (IC10) as 32
μg/ml (Fig. 1d).

Uptake and intracellular location of Au NPs

To investigate the potential cytotoxicity mechanism that induced by Au NPs, we monitored the targets of
Au NPs in the subcellular organelles. The uptake and intracellular localization of Au NPs were examined
with ICP-MS and TEM. Cells were exposed to the Au NPs for 1 h and 24 h. TEM images indicated that Au
NPs were readily internalized by cells (Fig. 2a), and the ICP-MS data showed that the uptake was time-
dependent (Fig. 2b). Au NPs showed concentration at the cell membrane and in areas surrounding the
nucleus (Fig. 2a). Since the ER always adheres to the outer membrane of nucleus, we have examined the
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possible co-localization of the internalized Au NPs with ER. In addition to TEM ultrastructural observation
showing a co-localization (Fig. 2c), we could observe by confocal microscopy that a part of the FITC-
labelled Au NPs co-localized with ER, as shown by the yellow �uorescence due to overlap of the green
�uorescence (Au NPs) with red �uorescence (ER) in Figure 2d. The confocal �uorescent signal analysis
(Fig. 2e) con�rmed the co-localization of Au NPs and ER in cells (green and red peak overlap). Therefore,
our results in Figure 2 suggested that the Au NPs were internalized in cells, and a part of these
internalized Au NPs could translocate to the ER.

Au NPs promote the intracellular accumulation of the misfolded protein

The association of Au NPs with the ER made us think that these Au NPs may interfere with the ER
functions and possibly cause the accumulation of misfolded/unfolded proteins. We thus assessed the
level of the intracellular misfolded/unfolded proteins marker, Lys48-linked polyubiquitin (K48 polyUb)31,
in cells exposed to Au NPs. The result in Fig. 3a showed that K48 polyUb conjugates were signi�cantly
increased in the insoluble pellet (P) of cells treated with Au NPs, but not in the soluble supernatant (SN),
when compared with untreated control cells. Since misfolded/unfolded proteins are always in the
insoluble pellet32, our result suggests that the treatment with Au NPs could increase the intracellular
levels of misfolded/unfolded proteins, which would enhance the PQC process. To assess the PQC
activation, we have measured the upregulation of some important PQC genes, i.e., those encoding the
chaperones HSP70, HSP90 (in the cytoplasm) and BiP (in the ER), which are responsible for identi�cation
and re-shaping of unfolded/misfolded proteins to their native and functional conformation14. Data in the
Fig. 3b show that expression of BIP, HSP70 and HSP90 genes was signi�cantly increased in cells
exposed to Au NPs at 75 μg/ml. The expression results were con�rmed by the analysis of the intracellular
levels of the proteins HSP70, HSP90 and BiP (Fig. 3c), which showed a signi�cant increase of BiP and a
less pronounced increase of HSP70 and HSP90. These results suggest the activation/enhancement of
the PQC process in response to cell treatment with Au NPs.

Au NPs interfere with the ERAD function

The PQC process occurs in the ER, whose fundamental functions are maintaining correct protein
biosynthesis and modi�cations33. Having shown that Au NPs can localize in the ER, induce the
accumulation of misfolded/unfolded proteins and thereby enhance the PQC process, we asked whether
Au NPs could also interfere with ER functions and induce ER stress. To this end, we have investigated the
effect of cell exposures to Au NPs on ERAD, the PQC process responsible for misfolded/unfolded proteins
clearance in ER.

To assess the ERAD function, we have investigated the stability of the protein CD3-δ, a subunit of the T
cell receptor that is a well-established ERAD substrate, and whose accumulation indicates ERAD
dysfunction/inhibition34,35. We have transfected our cells with CD3-δ linked to the �uorescent protein YFP,
and examined its degradation (in the presence of cycloheximide -CHX- to inhibit new protein synthesis)
upon cell exposure to Au NPs. Results in the Fig. 3d and e show that the degradation rate of the CD3-δ-
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YFP protein was greatly inhibited in NP-treated cells, resulting in its accumulation, compared to control
cells. This implies that treatment with Au NPs reduces ERAD and impairs ER functions, a fact that would
lead to the intracellular accumulation of misfolded/unfolded proteins.

As already mentioned, BiP is a chaperone engaged in correcting misfolded/unfolded proteins to their
native and functional conformation. We can hypothesize an upregulation of BiP in cells exposed to Au
NPs as consequence of the accumulation of misfolded/unfolded proteins (Fig. 3c). To further elucidate
the ERAD reduction in Au NP-treated cells, we have evaluated the stability of the BiP protein, again by
assessing the protein level at different times after the block of new protein synthesis with CHX. While
stable in the control group, the BiP protein was signi�cantly decreased in Au NP-treated cells (Fig. 3d and
e). Further, BiP could steadily expressed in thapsigargin (TG) treated cells (Supplementary Fig. 2a-c). This
implies that, although BiP expression is upregulated in Au NP-treated cells, the BiP protein is unstable and
not enough thereby hampering its functions. Thus, the accelerated degradation of BiP in Au NP-treated
cells can ultimately induce the further accumulation of misfolded/unfolded proteins in cells. These
results suggest ERAD dysfunction and impaired PQC capacity in cells treated with Au NPs, leading to
accumulation of misfolded/unfolded proteins that cannot be eliminated timely. This would ultimately
induce ER stress and consequent cell death.

Au NPs effects on UPR and ER stress

The unfolded protein response (UPR) is the mechanism activated in cells to alleviate the ER stress
conditions caused by accumulation of misfolded/unfolded proteins, and re-establish ER homeostasis36,

37. UPR failures lead to ER stress and consequent cell stress and eventual apoptosis38,39. The gene
expression of the UPR signalling pathways initiated by the three sensors PERK, ATF6α and IRE1, those
involved in ER stress were screened by a speci�c PCR array. As shown in the Figure 4a, no signi�cant
variation was observed in ATF6 expression in cells exposed to Au NPs, while the PERK and IRE1
downstream genes, ATF4, CHOP, ERO1A, ERO1B and XBP1 were upregulated.

To better examine the participation of the three UPR pathways in the Au NPs effects, qPCR and WB were
used to verify the results of PCR array. We con�rmed that ATF6 mRNA expression and protein synthesis
was not increased in cells exposed to Au NPs (Supplementary Fig. 3a and b), suggesting that the ATF6
pathway is not activated in response to Au NP treatment. The activation of both the IRE1 and PERK
signaling pathways was con�rmed (Fig. 4b-c and Supplementary Fig. 3c). In UPR activation, the ER
stress-activated endonuclease IRE1 splices the XBP1 mRNA to sXBP1 (spliced XBP1), which encodes the
functional sXBP1, a transcriptional factor that induces the expression of ERAD genes that contribute to
elimination of misfolded proteins. On the other hand, the unspliced XBP1 mRNA (usXBP1) produces an
antagonist of sXBP140. The mRNA expression of IRE1B, sXBP1 and usXBP1 was assessed and found
upregulated in cells exposed to Au NPs (Fig. 4b). It should be noted that the usXBP1 mRNA was
signi�cantly upregulated by treatment with 25 mg/ml of Au NPs, while the mRNA of sXBP1 was not. This
would shift the balance between the functional transcription factor (sXBP1) and its inhibitor (usXBP1)
towards inhibition of transcription of the XBP1 target genes, including HERPUD1. Indeed, data in the Fig.
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4d show that ERAD-related genes (HERPUD1 and UBQLN2) are upregulated in cells treated with of Au NPs
at the high concentration (75 mg/ml) but downregulated at the lower concentration (25 mg/ml).
HERPUD1 facilitates the ERAD process by acting as a shuttle factor to deliver ubiquitination substrates to
the proteasome for degradation41, and the UBQLN2 protein participates in the ubiquitin degradation
process of the ERAD. The levels of PERK and its downstream p-eIF2α, eIF2α, ATF4 and CHOP proteins
were all expressed at higher levels in cells treated with Au NPs (Fig. 4c). CHOP, the �nal protein in the
PERK signaling pathway (PERK-eIF2α-ATF4-CHOP), leads to the ER stress-induced apoptosis and is often
used as an evidence of ER stress. We also observed an increase, in cells exposed to Au NPs, of the ER
stress genes ER oxidoreductase 1A (ERO1A) and ERO1B (Fig. 4e and Supplementary Fig. 3d). All these
results suggest that the exposure to Au NPs induces a PQC dysfunction in the ER, leading to ER stress,
most likely through the PERK and IRE1 pathways.

Au NPs cause ER-dependent cell stress and in�ammation

If the ER stress is too severe, the apoptotic signaling pathways will be activated in the cell39. In our
scenario this could occur because of the chronic presence of Au NPs that affect the ER functions, and/or
because the UPR was impaired and unable to mitigate the protein-folding defects. The redox state of ER
is closely related with the protein-folding homeostasis. When oxidative proteins are folded in ER,
hydrogen peroxide (H2O2) would be generated as a byproduct, since the oxidation of the thiol groups on

cysteines of substrate peptides needs to form disul�de bonds37. In a ER stress condition, the
dysregulated disul�de bond formation would lead to the intracellular reactive (ROS) accumulation and
cause oxidative stress, which may ultimately trigger cell apoptosis37. Oxidative protein folding or
misfolded protein refolding are catalyzed by ER oxidoreductases, e.g. protein disul�de isomerases (PDI)
and ER oxidoreductase 1 (Ero1, encoded by ERO1A and ERO1B)37, which were greatly increased with Au
NPs treatment (Fig. 4e and Supplementary Fig. 3d). In addition, to evaluate the oxidative state in cells, we
assessed intracellular ROS in cells exposed to Au NPs. A signi�cant increase of intracellular ROS was
observed in Au NP-treated cells (Fig. 5a), suggesting an oxidative stress condition. The strong
upregulation of the expression of the antioxidant enzyme genes NQO1 (NADPH Quinone acceptor
Oxidoreductase 1), PRDX1 (Peroxiredoxin 1) and GPX2 (Glutathione peroxidase 2) further support the Au
NP-dependent induction of an intracellular oxidative stress condition (Fig. 5b).

Our data suggest that cell exposure to Au NPs induces the activation of the ER stress-induced apoptotic
signaling pathway PERK-eIF2α-ATF4-CHOP. We have therefore evaluated whether exposure to Au NPs
could induce cell apoptosis. The results in the Figure 5c show the increase in the number of apoptotic
cells (positive to Annexin V in �ow cytometry) in cells treated with Au NPs (Fig. 5c). We also argued
whether other apoptotic pathways could be involved in the Au NP-induced cell death. Since mitochondria-
depended apoptosis signaling pathway has been largely reported as involved in NP-induced apoptosis2,
we have evaluated the expression of a number of mitochondria-associated apoptotic signaling proteins
(in particular Bax, Bcl2, cytochrome c, caspase 3/9, PARP), and found no upregulation in their mRNA and
protein levels between control and Au NP-treated cells (Fig. 5e-f). These results suggest that the Au NP-



Page 8/29

induced cell apoptosis in our study depends on ER stress-induced signaling, and is independent of
mitochondria/caspase 3-mediated apoptosis pathways.   

The barrier defensive role of epithelial cells is not exclusively mechanical, and they are able to react to
stress and challenges by producing and secreting cytokines and chemokines42. This is a key process to
alert the immune system of any impending danger and initiate the recruitment of immune effector
cells43,44. Three important in�ammation-related factors were evaluated, IL-1α as an alarmin to alert the
immune system45, IL-1β as a key cytokine to activate in�ammation and immune effector mechanisms46,
and IL-8 as the key chemokine to recruit neutrophils in the rapid reaction against danger47. The results in
the Figure 5g show that the secretion of IL-1α, IL-1β and IL-8 was increased as a dose-dependent manner.
This implies that exposure to Au NPs could induce ER stress, through PQC dysregulation, promote cell
death, and also activate the immune system through the release of alarm and immune-activating factors.

The protein corona mitigates the Au NP-induced effect on the PQC system

Upon interaction with biological �uids, the surface of NPs becomes coated with a layer of biomolecules,
mainly proteins (with different composition depending on the biological microenvironment), the protein
corona48, whose presence signi�cantly affects the biological effects of NPs3,49. We have previously
reported that the presence on Au NPs of a protein corona affected the NP cellular uptake and
in�ammatory potential44. In this study, we have evaluated the effect of the human plasma protein corona
on the Au NPs capacity of modulating ER functions and downstream effects. The presence of a protein
corona on the surface of Au NPs could be observed by TEM (Fig. 6a). The cytotoxicity of the corona Au
NPs was assessed and found to be undetectable (Fig. 6b), at variance with the signi�cant cytotoxicity
caused by bare Au NPs (Fig. 1d). The reasons for the lack of cytotoxicity by corona Au NPs was further
analyzed. The internalization of Au NPs was signi�cantly decreased in the presence of the corona on Au
NPs (Fig. 6c). Since the internalization of Au NPs would largely affect the ER functions, as indicated by
our data above, we speculated that the protein coating would also suppress the ER dysfunction and PQC
anomalies that bare Au NPs can cause. To this end, we have evaluated ERAD functions by examining the
protein stability of CD3-δ and BiP (Fig. 6d-f). The results show that cells treated with corona Au NPs
present a quite normal CD3-δ degradation rate, overlapping with that of control cells (Fig. 6e). When
compared to bare Au NPs, it is evident that the protein coating on Au NPs abolished the block of CD3-δ
degradation (and consequent accumulation) induced in cells by bare Au NPs treatment (Fig. 6f).
Likewise, the accelerated BiP degradation induced by cell treatment with bare Au NPs was abolished in
cells exposed to corona Au NPs (Fig. 6d-f). We have also examined the corona Au NP effects on UPR and
ER stress. Results in the Figure 6g-h show that the levels of BiP, p-eIF2α, eIF2α and CHOP, which were
increased by cell treatment with bare Au NPs, were all at the level of control cells when Au NPs were
coated with a protein corona. The ER stress-induced intracellular ROS, cell apoptosis and cytokine
secretion were also assessed and showed to be suppressed when cells treated with the corona Au NPs
(Fig. 6i-k).   



Page 9/29

Discussion
The cytotoxicity of NPs is largely due to the increased production of ROS, and this can depend on ER
stress. While there are many publications reporting the NP-associated ER stress, how NPs could cause ER
stress and the potential molecular mechanisms underlying it are largely unknown. Proteins, among other
key biological macromolecules, need to be tightly controlled in cells, in which ER is the key organelle
deputed to biosynthesis, assembly, modi�cation and recycling of proteins. The protein quality control
(PQC) system of the ER, works as an essential surveillance mechanism to ensure the proper folding and
modi�cation of proteins50,51. The effect of NPs on the cellular PQC machinery has never been explored so
far. It has been reported that the NPs can change the protein structure extracellularly24, but nothing is
known as to whether the intracellular protein biosynthesis and PQC could be affected by NPs.

In our current study, we have explored the effect of Au NPs on the intracellular levels of
misfolded/unfolded proteins, and shown that these are signi�cantly increased in cells treated with Au
NPs (Fig. 3a). We may speculate that the internalization of Au NPs in cells may disturb the protein
biosynthesis and lead to an increased production of misfolded/unfolded proteins in cells. The increased
level of misfolded/unfolded proteins activates the PQC process, which aims to restore the protein
homeostasis. In Au NP-treated cells, the PQC activation was shown by the upregulated expression of
three chaperones involved in identi�cation and re-shaping of misfolded/unfolded proteins, i.e. Hsp70,
Hsp90 and BiP (Fig. 3b-c). Since we have identi�ed a preferential localization of Au NPs in the ER (Fig. 2c-
e), the same as other reports20,21, we argued that Au NPs could affect the intracellular PQC through
alteration of ERAD, one of the key processes for misfolded/unfolded protein degradation. Indeed, this was
the case. As marker substrate of ERAD functions we used CD3-δ, and found its accumulation in cells
treated with Au NPs, indicative of an impairment of the ERAD mechanism of protein elimination (Fig. 3d-
e). This is the �rst evidence ever that Au NPs can interfere with the PQC process in the ER. The chaperone
BiP, which is active in the ER, was observed to be unstable and insu�cient, with an accelerated
degradation in cells treated with Au NPs (Fig. 3d-e and Supplementary Fig. 2a-c).  Therefore, these results
suggested that in Au NP-treated cells two phenomena occur, the accumulation of misfolded/unfolded
proteins and the impaired capacity of identifying and correcting them (impaired ERAD). The impaired
ERAD would result in an excessive accumulation of misfolded/unfolded proteins in the ER lumen and
membrane, and lead to a condition known as ER stress, a phenomenon observed in several diseases52. 

Cells have a tightly controlled intracellular regulatory network to modulate relevant signaling pathways
for the protein homeostasis recovery. In the presence of misfolded/unfolded proteins, the UPR signaling
pathway, a kinase-mediated phosphorylation cascade, can be activate to alleviate the stress condition10-

13. PERK, ATF6α and IRE1, the three UPR sensors, can detect the misfolded/unfolded proteins and
transduce signals from the ER to the nucleus for activating genes and inducing production of proteins
aiming at restoring ERAD functions and eliminate ER stress. The presence of misfolded/unfolded
proteins induced the dimerization and auto-phosphorylation of IRE1, an ER membrane integral protein,
activating the endonuclease activity of its cytosolic domain, which in turn splices the ubiquitous cytosolic
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mRNA of XBP1 into sXBP1, which will generate the active sXBP1 protein53. This is a transcription factor
that will further activate the expression of chaperone and ERAD genes for re-establishing
misfolded/unfolded proteins degradation33. In a more severe conditions, PERK and the PERK-eIF2α-ATF4-
CHOP signaling pathway would be activated to clear the misfolded/unfolded proteins and, if the severe
conditions persist, to eventually induce cell apoptosis54. All these events are part of the ER stress
condition55. To investigate the UPR signaling and ER stress, the expression of the main signaling
pathway genes was assessed by a PCR array and showed the induction of an active UPR and ER stress
condition in cells treated with Au NPs (Fig. 4). The spliced and unspliced forms of XBP1 (sXBP1 and
usXBP1), as well as PERK pathway genes, were all identi�ed as upregulated.

If the accumulation of misfolded/unfolded proteins and the ER stress persist, intracellular ROS would be
generated, since the ER dysfunction would also lead to misfolding of oxidative proteins with the
generation of H2O2 as a byproduct37,56. PDI, ERO1A and ERO1B, the ER oxidoreductases and the
downstream genes of the pro-apoptotic gene of CHOP, all were activated in cells treated with Au NPs (Fig.
4 and Supplementary Fig. 3), a �nding that implies the breakdown of the intracellular redox balance.
Intracellular ROS level and cell apoptosis were also evaluated and found increased in cells treated Au NPs
(Fig. 5a-d).

Our data indicate NP-induced ER stress as a new pathway by which NPs can induce intracellular ROS,
other than the well-known NP-mediated mitochondria-ROS-apoptosis pathway2. To examine the possible
involvement of the mitochondria-related pathway, we have also assessed the expression of relevant
signaling molecules, and found that treatment with Au NPs was unable to activate them in cells (Fig. 5e-
f).

The formation of a protein corona on NPs upon contact with biological �uids/systems can greatly
in�uence the NP-induced biological effects57. It has been shown that the formation of a protein corona
on the surface of graphene oxide inhibited the NP-induced cell damage and death58. However, in another
study the presence of a protein corona strongly increased the ER stress induced by silver NPs59. Because
of these contradictory results, we have also assessed the protein corona effects of NPs on the PQC
system. We clearly show that the NP internalization is signi�cantly decreased in the presence of protein
corona (Fig. 6c), a fact that can mitigate the Au NP-induced intracellular accumulation of
misfolded/unfolded proteins, as well as the PQC system (Fig. 6d-f). Thus, the intracellular ROS, cell
apoptosis and overall cytotoxicity were greatly inhibited in cells exposed to corona Au NPs. It is also
possible that the masking of the reactive NP surface by the protein corona could inhibit the interaction of
NPs with the ER functional proteins, thereby preventing a direct NP-induced PQC dysfunction and ER
stress36. Therefore, we believe that the amount of intracellular NP and their interaction with ER are the
keys for NP-induced PQC dysfunction. Actually, Au NPs with negative surface charge (e.g. citrate coating
and lipoic acid coating) cannot be internalized in a high volume19, which merely induce a signi�cant
accumulation of misfolded/unfolded protein and PQC dysfunction (data not show). Since many
molecules of PQC have already been used as targets for disease therapy (cancer or Alzheimer's disease)7-



Page 11/29

9, our study also reveals a new strategy for the design of smart nanomedicine that targeting ER and
intracellular PQC.

Epithelial cells, in its important barrier and defensive role, are able to secrete many cytokines and
chemokines to alarm the immune system of potential danger and recruit immune effector cells27,60. A
robust protein biosynthesis requires a fully functional PQC system in cells. Because of the NP-induced
PQC alternations, we were hypothesizing a possible impairment also in the cytokine and chemokine
synthesis and secretion capacity in cells. However, we could detect an increased cytokine/chemokine
secretion (Fig. 5g), which implies that the protein synthesis capacity of ER was not affected by the
internalized Au NPs and the alarming function of the epithelial cells was not inhibited but actually
enhanced in cells treated with Au NPs. There are however many reports on the capacity of NPs to inhibit
in�ammatory responses, measured in terms of decreased cytokine secretion61-63. It would be tempting to
speculate that in those cases the inhibition of cytokine production could be consequence of the NP-
hampered ER functions and protein synthesis capacity, a possibility that needs investigation.

Conclusions
This study investigated for the �rst time the possible molecular mechanisms underlying the NP-induced
ER stress, and presented evidence that NPs can interfere with the PQC system thereby triggering ER
stress. The ER location of Au NPs correlated with ER dysfunction with the subsequent hampering of the
intracellular PQC functions, as shown by the accumulation of misfolded/unfolded proteins and ERAD
impairment. These alterations triggered ER stress, with consequent intracellular ROS accumulation and
ultimately causing cell apoptosis through the activation of the IRE1 and PERK signaling pathways
(mechanism illustrated in Fig. 7).

Materials And Methods
Au NPs and the preparation of corona Au NPs

Forty nm BPEI-coated Au NPs, synthesized by the hydrogen tetrachloroaurate (III) reduction method as
reported previously44, were purchased from nanoComposix (San Diego, CA, USA) and kept stored at 4°C
in the dark. Endotoxin contamination was evaluated with previously reported LAL-based modi�ed
methods, and shown to be less than 2.0 EU/mg64. FITC-functionalized Au NPs were synthesized as
previously described65. In brief, 100 μl FITC-NHS (N-hydroxysuccinimide) (1 mg/ml) were added into 5 ml
BPEI-Au NPs (1 mg/ml) in water. The reaction mixture was stirred at 4°C overnight. The FITC-BPEI-Au NPs
were collected by centrifugation at 12,000 rpm for 10 min, and washed 3x with endotoxin-free cell culture
grade water. The obtained FITC-BPEI-Au NPs were stored at 4°C in the dark.

Pooled human plasma was bought from Biological Specialty Corp. (Colmar, PA, USA). As indicated by the
company, human blood was collected with anti-coagulating reagents from healthy donors (n=5), and
centrifuged at room temperature (RT) to obtain human plasma. Au NPs were incubated with 55% v/v
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human plasma (with PBS) in an orbital shaking incubator for 1 h at 450 rpm at 37°C. Plasma-NP
complexes were washed 3x with PBS to remove the weakly associated proteins (known as “soft protein
corona”), and centrifuged for 15 min at 20,000 g at 18°C. The �nal protein-coated Au NPs (with “hard
protein corona” and known as “corona Au NPs” in this study) were re-suspended in PBS.

NP characterization  

Au NPs, either bare or coated with human plasma proteins (corona Au NPs), were characterized by
transmission electron microscopy (TEM) with a FEI Tecnai G2 Spirit BioTWIN TEM (FEI, Hillsboro, OR,
USA). The hydrodynamic diameter and zeta potential were detected by the Zetasizer Nano ZS (Malvern
Instruments, Worcester, UK). The UV-VIS spectrophotometrical pro�le was detected with a BioTek Hybrid
reader (BioTek Instruments, Inc., Winooski, VT, USA). The reported results of size distribution and zeta
potential were obtained with 4 measurements for 10 counts each. The �uorescence emission band of
FITC-Au NPs was detected by the Edinburgh Instruments, FS920 (Edinburgh Instruments, UK).

Cell culture

Cryopreserved primary human epidermal keratinocytes (HEK) were obtained from Lonza (Walkersville,
MD, USA), and human mammary adenocarcinoma MCF7 cells were obtained from ATCC (Manassas, VA,
USA). HEK and MCF7 cells were cultured in DMEM (HyClone, Logan, UT, USA) supplemented with 10%
foetal bovine serum (FBS; Gibcoâ, Thermo Fisher Scienti�c, Inc., Waltham, MA, USA) and 1%
penicillin/streptomycin solution (stock concentration as 10,000 units/ml of penicillin and 10 mg/ml
streptomycin; Hyclone) at 37°C in humidi�ed atmosphere with 5% CO2.

Cell viability assay

HEK cells were exposed to bare or corona Au NPs at the concentrations of 6.25, 12.5 25, 50, 75, 100, 150
and 200 μg/ml (6 wells per condition) in 96-well plates. After 24 h incubation, cells were washed 3x with
PBS, and medium with Alamar blue (1:10 volume ratio) was added to each well and incubated for 3 h at
37°C. The cell-permeable non-�uorescent blue compound resazurin, contained in the Alamar blue
solution, is reduced intracellularly to �uorescent red resoru�n by living cells. Fluorescence, which
correlates with cell viability, was detected at 545 nm/590 nm excitation/emission with a BioTek Hybrid
reader (BioTek Instruments, Inc.). Cell viability was calculated by normalizing the treated cells to the
controls and expressed as percent viability. The half maximal inhibitory concentration 50 (IC50) was
calculated by OriginPro 8 with non-lineal curve �tting (Category: pharmacology; Function: dose response)
as: y= 1.05231/(1+10^(-0.024 * (71.34763-x)))-0.04395, in which y represents cell viability and x
represents concentration.

ICP-MS analysis on Au NP cellular uptake

HEK cells were seeded in 6 well-plates at a density of 2.5 x 106 cells/well. Bare and corona Au NPs were
added to cells at 25 μg/ml and incubated for 24 h. Cells were washed 3x with PBS and then subjected to
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an etching process with 1 ml I2/KI (0.34 mM/2.04 mM) for 3 min to remove the surface attached Au

NPs66. After etching, cells were washed 3x with PBS and collected for ICP-MS analysis. The preparation
of ICP-MS samples and the ICP-MS detection were performed based on a standard operation procedure
for gold ions, and the internalization amount of Au NPs in cells was calculated as for number of NPs. All
detailed methods can be found in previous publications44.

Transmission electron microscopy (TEM)

TEM characterization of Au NPs: A drop of Au NPs was placed on a formvar-coated carbon grid and air
dried, then observed with a FEI Tecnai G2 Spirit BioTWIN TEM (FEI, Hillsboro, OR, USA) at an accelerating
voltage of 120 kV.

TEM observation of Au NPs uptake: HEK cells were grown to 80% con�uency and exposed to 25 μg/ml
Au NPs for 24 h. Cells then were collected and �xed for 24 h in 4% formaldehyde and 1% glutaraldehyde
in phosphate buffer, followed by rinsing in 0.1 M phosphate buffer. Cell pellets were embedded in 3% agar
and post-�xed in 1% osmium tetroxide for 1 h. After washing and centrifugation, cell pellets were
dehydrated in ethanol, cleared in acetone, in�ltrated and embedded in Spurr’s resin (Polysciences, Inc.,
Warrington, PA, USA). Thin sections of 800A˚ were mounted on copper grids and examined unstained
with a FEI Tecnai G2 Spirit BioTWIN TEM with 80 kV accelerating voltage.

Confocal microscopy  

The co-localization of ER and Au NPs was examined in HEK cells by confocal microscopy. Brie�y, cells at
a density of 1x105 cells/well were seeded in confocal microscopy dishes and incubated for 24 h. Cells
were treated with 50 μg/ml of FITC-functionalized Au NPs for additional 24 h at 37°C, then washed 3x
PBS, and incubated with ER-Tracker™ Blue-White DPX dye (Thermo Fisher Scienti�c, Inc.) for 15 min at
37°C for ER labelling. Treated cells were �xed and observed with a confocal laser scanning microscope
(Leica SD AF, Wetzlar, Germany).

Cell transfection and ERAD analysis

CD3-δ transfection was performed based on previous publication67. Cells were transfected with CD3-δ-
YFP (labelled with �uorescent YFG), and the transfection rate was evaluated by �uorescence microscopy.
Since HEK are primary epithelial cells, the transfection rate of CD3-δ was very low and could not be
detected successfully (data not shown). Thus, MCF7, a transformed epithelial tumor cell line, was used
for CD3-δ transfection. As validity control, we have assessed the biological effects of Au NP treatment on
PQC and other related functions. The results reported in the Supplementary Fig. 4, con�rm that Au NPs
have on MCF7 cells the same effects as on HEK cells, making them a suitable HEK proxy for examining
ERAD functions.

In brief, cells were seeded in 12-well plates at a density of 3x105 cells/well/ml overnight. Cells were then
transfected by 0.5 mg CD3-δ-YFP with lipofectamine 2000 (Thermo Fisher Scienti�c, Inc.) for 24 h,
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obtaining a transfection rate of over 80%. Culture medium was then replaced with fresh medium
containing 10 μg/ml Au NPs (either bare or corona Au NPs) or 1 μM thapsigargin (TG) for 24 h.
Cycloheximide (CHX; 10 μM) was added from time 18 h for 2, 4 and 6 h, to block protein synthesis and
allow for examining the time course of protein degradation. Cells without CHX were used as control. The
results were calculated based on the gray value that measured by ImageJ. The levels of BiP and CD3-δ
was �rst normalized vs. GAPDH at each time point, and then expressed as fold change vs. time 0.

Western blot analysis

After different treatments, cells were washed 3x with cooled PBS and lysed in RIPA lysis buffer containing
1x complete protease inhibitor cocktail for 30 min on ice, then centrifuged at 15,000 g for 5 min at 4°C.
Cell debris pellets were collected for misfolded and unfolded protein analysis. Supernatants were also
collected for quantitative protein analysis. Protein concentrations were measured by BCA assay (Boster
Biological Technologies Co., Ltd., Wuhan, P.R. China). Samples were boiled with loading buffer at 100°C
for 5 min and run on SDS-PAGE. Proteins were detected with speci�c antibodies as indicated in the
Figures. Antibodies were all obtained from Cell Signaling Technology, Inc. (Danvers, MA, USA).

Intracellular ROS detection

Cells were seeded in 6-well plates at a density of 3x106 cells/well, and incubated for 24 h in the presence
or absence of 75 μg/ml Au NPs. H2O2 (200 mM) was used as positive control in a 3 h treatment. Cells
were then washed 3x with PBS to eliminat the Au NPs, incubated with the cell permeant �uorogenic dye
CM-H2DCFDA (10 mM) for 30 min, and washed 3x with PBS to eliminate the excess unreacted DCFDA.
Fluorescence, generated by the ROS-dependent oxidation of DCFDA metabolites into the �uorescent
compound DCF, was detected cyto�uorimetrically with excitation of 488 nm. Results were analysed with
FlowJo and presented either as histogram or fold change by normalizing the treated cells to controls2.

Human molecular pathway �nder PCR array

HEK cells were seeded in T-25 �asks at a density of 5x105 cells per �ask and incubated for 24 h at 37°C in
air with 5% CO2. Medium was replaced with fresh medium (control) or medium containing 25 μg/ml or 75
μg/ml Au NPs in triplicate samples. After 24 h incubation, cells were washed 3x with PBS and collected
for RT² Pro�ler™ PCR Array Human Molecular Toxicology PathwayFinder 384HT (Qiagen, Hilden,
Germany) analysis. A detailed method is attached in supporting information.

Quantitative RT-PCR analysis

After different treatments, cells were washed 3x with cooled PBS and lysed with RNA plus (Takara Bio,
Inc., Otsu, Japan) for total RNA extraction. RNA (1 μg) was reverse-transcribed with the PrimeScript RT
Reagent Kit with gDNA Eraser Kit (Takara Bio, Inc.). Quantitative RT-PCR was performed using the SYBR
Green PCR Master Mix (Takara Bio, Inc.). GAPDH was used as housekeeping gene. The calculation
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methods is described in the supporting information. Primer sequences were synthesized by Sangon
Biotech (Shanghai, China) (see the Supplement Table 1). Unlisted primers were bought from Qiagen.

Apoptosis evaluation

Cells were seeded in 6-well plates at a density of 3x106 cells/well and incubated in the presence or
absence of Au NPs for 24 h. Cells were detached with trypsin, and the FITC Apoptosis Detection Kit I (BD
Biosciences, Franklin Lakes, NJ, USA) was used for evaluating the number of apoptotic cells. Cells were
incubated with Annexin V (FITC) and propidium iodide (PI) at RT for 15 min and then assessed by �ow
cytometry. Results were analyzed with FlowJo. Cells negative for both PI and Annexin V staining were
considered alive; cells positive for Annexin V were considered as apoptotic (Annexin V single positive,
Annexin V and PI double positive); and cells only positive for PI were considered as necrotic.

Cytokine production

HEK cells were treated with 25 and 75 μg/ml of Au NPs for 24 h. Supernatants were collected, and IL-1α,
IL-1β and IL-8 were quantitated by enzyme-linked immunosorbent assay (ELISA), with commercially
available kits (R&D Systems, Minneapolis, MN, USA), according to the manufacturer’s instructions.

Statistical analysis

Results are presented as mean values of replicate experiments or replicate samples within one
representative experiment as indicated in the Figure legends. Statistically signi�cant differences (p <0.05)
were determined with the Student’s t-test and ANOVA.
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Table 1
Table 1. Characterization of Au NPs with and without protein corona.  

Au NPs Hydrodynamic diameter (nm) Polydispersity Index Z-potential (mV)

Bare 50.8 ± 0.5 0.193 64.1

Protein corona 385.3 ± 23.75 0.386 -13.6

PdI: polydispersity index
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Figure 1

The physicochemical and biological characterization of Au NPs. a TEM image; b the UV-VIS spectrum; c
the size distribution evaluated by DLS of Au NPs; and d cell viability upon cells exposure to Au NPs. Cells
were exposed to various concentrations of Au NPs for 24 h and the cell viability was evaluated with
Alamar blue. Data were analyzed with linear regression analysis, and the half maximal inhibitory
concentration (IC50) was calculated.  
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Figure 2

Internalization and subcellular localization of Au NPs. Cells were exposed to Au NPs for 24 h. a TEM
images depicting the internalization of Au NPs. b Quantitative evaluation of intracellular Au NPs at 1 and
24 h, assessed by ICP-MS. Data are presented as mean ± SEM of triplicate samples. ***, p<0.005 vs. 1 h.
c Subcellular localization of Au NPs observed by TEM. Nu: nucleus; ER: endoplasmic reticulum. d
Intracellular localization of Au NPs observed by confocal microscopy. Green: FITC-labeled Au NPs; Red:
ER-Tracker™ Blue-White DPX dye stained ER. e Fluorescence intensity (FI) pro�les measured on the line
labeled in white in the enlarged image in panel d.
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Figure 3

Au NPs induce the accumulation of misfolded/unfolded proteins and interfere with the ERAD process. a-c
Cells were exposed to medium alone (Ctrl) or containing Au NPs (25 and 75 μg/ml) for 24 h. a Western
blot analysis on the misfolded/unfolded protein marker of K48 polyUb. β-actin was used as loading
control. P, pellet; SN, supernatant. b mRNA expression of the PQC related gene of HSP70, HSP90B1 and
BIP. c Western blot analysis of the PQC related proteins of HSP70, HSP90 and BiP. β-actin was used as
loading control. d-e Degradation rate of CD3-δ-YFP and BiP in control cells (Ctrl) and cells treated with Au
NPs for 24 h. Cells were treated with cycloheximide (CHX, 50 μg/ml) to block protein synthesis for 2, 4 or
6 h before protein levels were examined by Western blot. d Representative Western blot results of CD3-δ-
YFP and BiP. GAPDH was used as loading control. e Time-dependent protein degradation rate of CD3-δ-
YFP and BiP. Data in b and e are presented as the mean ± SEM of three experiments. *, p<0.05; **, p<0.01;
***, p<0.001 vs. control.
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Figure 4

Au NPs affect UPR effects and ER stress. Cells were treated with medium alone (Ctrl) or Au NPs (25 and
75 μg/ml) for 24 h. a Heatmap of the transcriptional pro�ling of ER-associated genes. The genes
indicated above the heatmap have been studied further. b mRNA expression of UPR related IRE1B,
usXBP1, sXBP1. c Western blot analysis of the UPR related proteins of PERK, phospho-eIF2α, eIF2α, ATF4
and CHOP. β-actin was used as loading control. d mRNA expression of ERAD-related genes HERPUD1 and
UBQLN2. e mRNA expression of ER stress-related genes of PDI and ERO1B. Data in b, d and e are
presented as mean ± SEM of three experiments. *, p<0.05, **, p<0.01, ***, p<0.001 vs. control.
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Figure 5

Au NPs induce intracellular oxidative stress and cell apoptosis. Cells were treated with medium alone
(Ctrl) or Au NPs (25 and 75 μg/ml) for 24 h. a The intracellular ROS levels were evaluated by �ow
cytometry after DCFDA staining. H2O2 served as positive control. b mRNA expression of oxidative stress-
related genes NQO, PRDX1 and GPX2. c Cell apoptosis that evaluated by �ow cytometry. Live: FITC-/PI-;
early apoptosis: FITC+/PI-; late apoptosis and post-apoptotic necrosis: FITC+/PI+; necrosis: FITC-/PI+. d
Quantitative data of the �ow cytometric analysis of cell apoptosis. e mRNA expression of mitochondrial
apoptotic related-genes encoding caspase-3 (CASP3), caspase-9 (CASP9) and cytochrome c (CYC1). f
Western blot analysis of the mitochondrial apoptosis-related proteins caspase-3, PARP, BAX, Bcl-2 and
cytochrome c. β-actin was used as loading control. g Secreted levels of IL-1α, IL-1β and IL-8, evaluated by
ELISA. **, p<0.01, ***, p<0.001 vs. control.
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Figure 6

The protein corona mitigates the Au NPs effects on the intracellular protein quality control system. a TEM
image depicting the protein corona on Au NPs (red arrow). b Viability of cells exposed to corona Au NPs.
c Quantitative evaluation of intracellular Au NPs assessed by ICP-MS. d-f Degradation rate of CD3-δ-YFP
and BiP in control cells (Ctrl) and corona Au NP-treated cells for 24 h. Cycloheximide (CHX, 50 μg/ml) was
used to block protein synthesis for 2, 4 or 6 h before protein levels were examined by Western blot. d
Representative Western blot of CD3-δ-YFP and BiP. GAPDH was used as loading control. e Time-
dependent protein degradation rate of CD3-δ-YFP and BiP. f Quantitative analysis of the degradation rate
of CD3-δ-YFP and BiP measured after 6 h of CHX treatment. Data are expressed as fold change vs. cells
not treated with CHX. g-k Cells were treated for 24 h with medium alone (Ctrl) or Au NPs (75 μg/ml) either
bare or with a protein corona. g Western blot analysis of the PQC-related proteins BiP, phospho-eIF2α and
eIF2α. β-actin was used as loading control. h mRNA expression of the ER stress-related gene CHOP. i
Intracellular ROS levels evaluated by �ow cytometry. H2O2 served as positive control. j Quantitative
evaluation of the �ow cytometric analysis of cell apoptosis. k Secreted levels of IL-1α and IL-8, evaluated
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by ELISA. Data in E and F are presented as the mean ± SEM of three independent experiments. Data in c
and h-k are presented as mean ± SEM of triplicate samples. **, p<0.01, ***, p<0.001, vs. control. ##,
p<0.01, ###, p<0.001 vs. bare.

Figure 7

The proposed model of NP-induced PQC dysfunction. Au NPs interfere with PQC functions in the ER,
leading to the accumulation of misfolded/unfolded proteins thereby triggering ER stress. The Au NP-
induced accumulation of misfolded/unfolded proteins in the ER and ERAD dysfunction lead to ER stress
that activates the PERK-p-eIF2α-ATF4-CHOP pathway. This will ultimately trigger intracellular ROS
accumulation, cell apoptosis and in�ammatory responses. Conversely, the activated UPR pathway of
IRE1-XBP1 upregulates the expression of chaperone and other ERAD-associated factors to restore the ER
stress.
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Figure 8

Schema 1. The ER related protein quality control process in cells.
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