RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 29 RSC Advances

TOC
Protein adsorption and its role are correlated with cellular uptake of AuNPs grafted with
alkyls of different length.

AuNPs grafted
with alkyl acids

Serum
exposure

Adhesion mediators
Cellular uptake dependent




RSC Advances

Protein adsorption and cellular uptake of AuNPs capped with alkyl acids of different length

Jun Deng, Honghao Zheng, Sai Wu, Pan Zhang, Changyou Gao*

MOE Key Laboratory of Macromolecular Synthesis and Functionalization, Department of Polymer
Science and Engineering, Zhejiang University, Hangzhou 310027, China.

*Corresponding author.

Email: cygao@mail.hz.zj.cn

Fax: +86-571-87951108

Page 2 of 29



Page 3 of 29

RSC Advances

Abstract

The chain length of ligands plays an important role in many biomedical applications. Yet the
interaction of nanoparticles with surface-capped ligands of different length (especial the hydrophobic
chains) and cells is neglected, and thereby the behind mechanism influencing cellular uptake is unclear.
Herein the role of alkyl length on AuNPs in mediating serum protein adsorption and the subsequent
cellular uptake by A549 cells was studied. The AuNPs were modified with carboxylic alkyl thiol of
different chain length (3MA, 11MA and 16MA), resulting in the MA-AuNPs with a size of 5 nm in a
dry state and several tens nm in mediums. The MA-AuNPs possessed negatively charged surface,
whose zeta potential was around -20 mV in serum-containing medium regardless of the length of
ligands. Whereas the total amount of adsorbed serum proteins had no significant difference, the
relative amounts of adhesion mediators especially vitronectin (Vn) depended on the alkyl length
significantly. The 16MA-AuNPs adsorbed the largest amount of Vn, and were internalized by A549
cells with the largest quantity and good distribution in cytoplasm. Taking account all the results, the

protein adsorption and its role in linking alkyl length on AuNPs to cellular uptake are figured out.

Keywords: Gold nanoparticles; chain length; protein adsorption; adhesion mediators; cellular uptake
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1. Introduction

Cellular delivery of drugs and biomolecules such as DNAs and proteins is a central issue in
biomedicine '. Promising delivery vehicles based on nanoparticles (NPs) have been extensively
investigated *. In particular, gold nanoparticles (AuNPs) are promising candidates for cellular delivery
due to their low toxicity, biocompatibility and tunable surface functionalities *~. Verma et al. have
reported that cationic tetraalkyl ammonium-functionalized AuNPs recognize the surface of an anionic
protein through complementary electrostatic interaction and inhibit its activity ®. The activity is
recovered due to the release of free protein by treating the protein—particle complex with glutathione
(GSH), showing the potential of AuNPs as protein transporters *. Many efforts have been paid to
understand the cellular uptake of AuNPs, revealing that the physicochemical properties of AuNPs such
as size ’, shape ”®, and surface chemistry * influence the uptake behaviors. Matthias et al. reported that
the uptake of nanorods by macrophages is more efficient than that of nanospheres '°. Sykes et al
showed that tumor accumulation of actively targeted NPs is 5 times faster and approximately 2-fold
higher relative to their passive counterparts within the 60 nm diameter range '

Physiological environments such as blood, interstitial fluid, and cellular cytoplasm contain a complex
spectrum of proteins. When NPs come into contact with the physiological environment, proteins
rapidly adsorb onto their surface and form what is known as the protein “corona” '>. The interaction
between proteins and NPs can change the protein conformation , and alter the composition of the
nanomaterials along with their aggregation state, giving it a “biological identity” that is distinct from
its “synthetic identity”-the surface chemistry, size, and shape of the nanomaterials right after synthesis
1. The biological identity is considered as the form of a NP “seen” by cells, and is responsible for the

kinetics, transport, and reactivity of a NP in a physiological system '*. Consequently, many efforts
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have been paid to study protein adsorption on various NPs. It is known that many factors such as
surface chemistry °, size "> and shape '® of the NPs influence the protein adsorption. Lundqvist et al.
identified the types of serum proteins that adsorbed onto NPs using mass spectrometry, and clarified
their relationship with the particle size and surface hydrophobicity '’. Recently, Calatayud et al.
showed that the proteins adsorbed on Fe;O4 NPs influence their subsequent cellular uptake rather than
their original charging property on the surface '*. Kah et al. showed how amphiphilic ligands (ALs) of
four different types (polyoxyethylene, cetyl ether, oligofectamine, and phosphatidylserine) affect the
formation of protein corona on gold nanorods (NRs) and their impact on cellular response '°. The
cellular behavior toward amphiphilic ligands-modified nanorods (NR-AL) is mediated by not only the
type of ALs and the protein corona but also the resulting colloidal stability and interaction with cell
culture supplements '°. Walkey et al. showed that poly(ethylene glycol) (PEG) density and NPs size
together determine the mechanism and efficiency of subsequent macrophage uptake, by controlling
either the identity or accessibility of adsorbed serum proteins *°. However, extensive efforts should
still be paid to investigate how serum protein adsorption on NPs surfaces influences the cellular uptake,
since most previous studies focus mainly on the amount of adsorbed serum proteins or a single type of
model proteins such as albumin.

The chain length of ligands plays an important role at many fields. For example, Ayala et al. reported
that the hydrophobicity (endowed by, for example, the different length of alkyls) of the extracellular
matrix plays a considerable role in dictating cellular behaviors such as adhesion, migration and
differentiation *'. Previous study showed that long-chain polyunsaturated fatty acids (LCPU-FAs)
affect receptor activator of nuclear factor kf (RANK), a receptor found on osteoclasts responsible for

bone resorption, which controls osteoclast formation **. Rai et al. showed that medium chain length
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polyhydroxyalkanoates (mcl-PHAs (C6—C14 carbon atoms)) are suitable for a range of biomedical
applications where flexible biomaterials are required, such as heart valves and other cardiovascular
devices as well as matrices for controlled drug delivery **. Moreover, some other studies also report
that the length of chains grafted on NPs influence cellular uptake as well. For example, Daou et al.
reported that quantum dots grafted with PEG chains of longer length slow down reticulo-endothelial
system uptake >*. In general, there are still very few studies elucidating the effect of length of ligands
grafted onto NPs on cellular uptake.

Moreover, most previous studies are concentrated on the hydrophilic molecules such as PEG, whereas
those hydrophobic molecules are neglected in terms of grafting on NPs, although the length of the
hydrophobic ligands such as in the case of lipids may have special influence on cellular uptake and
protein adsorption. In the present study, the hydrophobic alkyls with different chain length (3, 11, and
16 carbon atoms) are modified onto gold particles, since they are varied in a long enough scale and
may have different influence on protein adsorption and cellular uptake. The lung cell model (A549) is
used in the in vitro cell culture since inhalation is one of the most important exposure pathways for
NPs to mammalian animals. Lung is one of the major organs that nanoparticles would accumulate
when they enter into the body. Therefore, lung cells, i.e. A549 cells are widely used as a model to
study cell-nanoparticle interactions. Our main finding is that the length of hydrophobic alkyls is a
critical factor for controlling the binding of adhesion mediators (especially Vn), which in turn
enhances the cellular uptake of AuNPs. By understanding the influence of these key design parameters,
this study establishes principles for the rational design of alkylated NPs with controlled protein
adsorption and effective phagocyte evasion. To the best of our knowledge, this is the first attempt to

correlate the length of alkyls grafted on NPs with the serum protein adsorption and the cellular uptake.
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2. Results and Discussion

2.1 Synthesis and Characterization of MA-AuNPs

Nanomaterials, which are of similar size as typical biomacromolecular assemblies, are often seen to
utilize the endocytosis machinery for intruding cells, where they can give rise to permanent cell
damage *>*°. In recent years, a wide variety of different NPs with different surface chemical properties
have been synthesized ranging from bare inorganic surfaces over organic coatings to intricate
polymeric structures. However, the chain length of ligands especially the alkyls grafted on NPs, which
influences significantly the biological performances of NPs, is neglected. In this study, three small
molecules with same chemical terminal group but different chain length were grafted onto AuNPs to
explore their biological impacts. The AuNPs with a diameter about 5 nm was synthesized by citrate
and NaBH, reduction . Following the synthesis and ligand exchange protocols, the AuNPs with
desired size and ligands of different length (3MA, 11MA, 16MA) were successfully obtained. TEM
(Fig. 1a-c) and UV-vis spectroscopy (Fig. 1d) reveal that the MA-modified AuNPs (MA-AuNPs) had a
very uniform size and were well dispersed in mediums. Statistical analysis of the particles’ sizes from
the TEM images shows their narrow distribution (Fig. lal-c1) with values about 5.1+0.6, 4.4+0.3, and
4.540.4 nm for the 3MA, 11MA and 16MA modified AuNPs (3MA-AuNPs, 11MA-AuNPs and
16MA-AuNPs), respectively (Table 1). Slight red shift (from 512 nm to 526 nm) was observed in the
surface plasmon resonance (SPR) peaks of the MA-functionalized AuNPs along with the increase of
ligand length from 3MA to 16MA, without significant peak broadening which is indicative of particle
aggregation (Fig. 1d). The hydrodynamic diameters determined by dynamic light scattering (DLS,

Table 1) are several to tens folds larger (depending on the mediums) than those determined by TEM.
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This phenomenon is well understood as the effect of hydrophilic corona layers on the particle surfaces.
They increased along with the increase of ligand length regardless of the types of mediums, which
should be attributed to the increase of ligand length. For the same MA-AuNPs, the particle size
increased along with the sequence of mediums PB, BSA/PB, and 10% FBS/DMEM. However, the
overall variation of sizes of the MA-AuNPs in the same type of mediums such as 10% FBS/DMEM is
within a small range (i.e. ~10%). All the AuNPs possessed a zeta potential of around -40 mV in PB
regardless of their ligand’s length due to the same terminal carboxyl acid group. In the

proteins-containing mediums such as BSA/PB and 10% FBS/DMEM, the zeta potentials of the
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MA-AuNPs became less negative and possessed values around -30 mV and -20 mV, respectively. This

alteration conveys the adsorption of protein molecules on the AuNPs, leading to the difference in

particles-aggregation degree and surface charge.
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Figure 1. TEM images of (a) 3MA-AuNPs, (b) 11MA-AuNPs, and (c) 16MA-AuNPs, respectively.
According to these and other images (not shown), the diameter and its distribution were calculated for
(al) 3MA-AuNPs, (b1) 11MA-AuNPs, and (c1) 16MA-AuNPs, respectively. These diameters and the
ICP-MS results were used to calculate the total particle concentration. (d) UV-vis absorbance spectra

of 3BMA, 11MA, and 16MA stabilized AuNPs in 10 mM PB solution, respectively.

Table 1 Characterizations of surface-modified AuNPs with MA of different length.

) Diameter in medium (nm, DLS) Z-potential in mediums (mV)
Diameter
. 10% 10%
Nanoparticles (nm,
TEM) PB BSA/PB FBS/ PB BSA/PB FBS/
DMEM DMEM

3MA-AuNPs  5.1+£0.6 32.9+0.2  343%1.7 70.5£0.8 -35.7£0.8 -31.1£0.5 -16.7£2.1
I1IMA-AuNPs  4.4+0.3 38.8£1.8 43.1x1.6 73.4+3.8 -40.1+4.1 -28.8+2.2 -18.3x0.9
16MA-AuNPs  4.5+0.4  39.1+1.6 49.1+1.8 80.2+4.7 -37.4+0.7 -23.5+2.6 -18.8+0.4

2.2 Protein adsorption on MA-AuNPs

It is known that NPs become coated with proteins and other biomolecules to form a “protein corona”
when exposed to a biological fluid. The overall NPs-protein corona formation is a multifactorial
process that depends on the characteristics of the NPs surface (hydrophobicity, functional groups, and
size etc.) as well as on the interacting proteins and mediums > *’, which in turn influences the NPs
properties such as size and surface charge etc '®'®. This process in general is still very fast ***
compared to the longer time for cellular uptake®*"*'. Therefore, in this study, we chose 24 h as the
time point to study protein adsorption, since at this moment the protein corona should be completely
formed and became stable enough.

The shape of UV—vis spectra of the MA-AuNPs in PB, 4 mg/mL BSA/PB solution (10 mM, pH 7.4),

and 10 % FBS/DMEM (Fig. 2) was similar with each other, without significant peak broadening.

Compared to those in the PB, the SPR peaks of the 3SMA-AuNPs (Fig. 2a) and 11MA-AuNPs (Fig. 2b)

8
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were red shifted for 9 and 9 nm in the BSA/PB, and 28 and 19 nm in the 10 % FBS/DMEM,
respectively. No obvious change in the peak position was found for the 16MA-AuNPs in all types of
the mediums (Fig. 2¢). However, in 4 mg/mL BSA/DMEM or DMEM solutions, all the MA-NPs
solutions changed from oil red to purple, and precipitates were observed after a period of time. The
SPR peaks were largely red-shifted, accompanying with the large reduction of peak intensity (data not
shown). Therefore, the MA-AuNPs are not stable in mediums of high-ionic strength like DMEM even
in the presence of albumin. This phenomenon was verified in NaCl solutions of different
concentrations (Table S1), in which all the MA-AuNPs were aggregated when the NaCl concentration
reached 50 mM. By contrast, although their sizes were enlarged to 70-80 nm the MA-AuNPs were
stable in 10% FBS/DMEM (pH 7), and even showed pretty good colloidal stability when the medium
pH was adjusted to 5. Therefore, one can conclude that protein adsorption can stabilize the
MA-AuNPs in high ion concentration solution, and besides albumin other types of proteins should be

adsorbed on the MA-AuNPs as well.
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Figure 2. UV-vis absorbance spectra of (a) 3MA-AuNPs, (b) 11MA-AuNPs, and (c) 16MA-AuNPs

measured in water, 4 mg/mL BSA, and 10 % FBS/DMEM, respectively.

To quantitatively measure the adsorption amount of proteins by the pBCA, the MA-AuNPs were
incubated in protein solutions (4 mg/mL BSA/PB which is same as the BSA concentration in 10%
FBS, and 10 % FBS/DMEM) for 24 h. Fig.3a shows that the BSA molecules adsorbed on all the
MA-AuNPs at a density of nearly 90 pg protein per mg Au, and the absolute value increased slightly
along with the increase of ligand length. The amount of adsorbed serum proteins had the same trend
with the adsorbed BSA molecules. However, the absolute value on each type of the MA-AuNPs was
about 2 times of that of the adsorbed BSA, revealing that other types of proteins should be adsorbed

besides BSA.
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Figure 3. (a) The density of adsorbed proteins on 3MA, 11MA, and 16MA modified AuNPs from 4
mg/mL BSA and 10 % FBS/DMEM measured by uBCA, respectively. (b) Western-blot analysis of the
adsorbed laminin, fibrinogen, vitronectin and fibronectin on 3MA-AuNPs (1-3), 11MA-AuNPs (4-6)
and 16MA-AuNP (7-8) in 10 % FBS, respectively. The amount of proteins used for the analysis was
same for different types of proteins. (c) The relative intensity of Fn, Vn, Ln and Fgn adsorbed on

3MA-AuNPs, 11MA-AuNPs, and 16MA-AuNPs obtained by multiplying the intensity in Figure.3b

and the total amount of serum proteins adsorbed from 10 % FBS in Figure.3a.

Besides the adsorption amount of proteins, the types of adsorbed proteins also influence the biological

performance of NPs. The serum protein corona is very compleXx, consisting of various of proteins

11
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including apolipoproteins, adhesion mediators, signaling and transport proteins, complement
components, and coagulation factors '>. Many of these proteins can mediate the cellular uptake either
in their native state ** or after undergoing a conformational change *. It was known that the adhesion
mediators such as Fn, Vn, Ln and Fgn can interact with receptors of cells through their RGD domains,
which in turn modulate the cellular uptake **. Therefore, the western blot method was used to
investigate the adsorption of the above adhesion mediators (Fn, Vn, Ln and Fgn) from 10 % FBS
solution (Fig. 3b, c). The image of these proteins adsorbed from the same amount of serum proteins on
the AuNPs was shown in Fig. 3b. The data of Fig. 3¢ is obtained by multiplying the grey value in Fig.
3b with the amount of proteins adsorbed on the AuNPs (Fig. 3a). Generally, all the checked adhesion
mediators could adsorb onto the MA-AuNPs. However, their amounts increased along with the
increase of ligand length on the MA-AuNPs, in particular for the Vn. The amount of adsorbed Vn on
the 11MA-AuNPs and 16MA-AuNPs was basically doubled compared with those of the Fn, Fgn and
Ln, respectively, but was not significantly different on the 3MA-AuNPs. It is worth indicating that the
amounts of Ln, Fn and Fgn adsorbed on the 16 MA-AuNPs were significantly larger than those on the
3MA-AuNPs and 11MA-AuNPs, whereas no significant difference was found between the
3MA-AuNPs and 11MA-AuNPs.

2.3 Cellular uptake

Cellular uptake usually takes longer time than the protein adsorption. According to literatures and our
experiences, the cells usually achieve the highest cellular loading of NPs at 24 h *>°. Since the cells
were co-cultured with the NPs during all the time, the results reflect the net accumulated amount of
NPs regardless of the exocytosis. Previous studies demonstrate that the surface charge and grafting

density of PEG on the AuNPs decide the intracellular location and distribution '®*’. To elucidate the

12
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intracellular fate of the MA-AuNPs after being co-cultured with A549 cells, ultrathin cell section TEM

analysis was carried out. All the MA-AuNPs were located within cytoplasm but not inside the cell

nucleus regardless of the ligand length (Fig. 4a-c, Fig. 5). However, the distribution state was different.

The 3MA-AuNPs were present in densely aggregated clusters inside cytoplasm (Fig. 4al, a2), whereas
the 11MA-AuNPs and 16MA-AuNPs were well dispersed in cytoplasm (Fig. 4b1, b2, cl, ¢2) likely
due to the better stability of the alkyl ligands with longer length. This hypothesis is partially supported
by the DLS results (Table S1). In 10 % FBS/DMEM (pH 5) the diameter of 3MA-AuNPs (170.4+1.2
nm) was nearly 2 times larger than those of the 11MA-AuNPs (88.4+£0.8) and 16MA-AuNPs
(94.5+0.9). Hence, the grafting of longer alkyls is beneficial to enhance the stability and dispersity of

AuNPs in lysosomes-like environment.

13
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Figure 4. Representative TEM micrographs of sectioned A549 cells after being cultured with (a, al, a2)

3MA-AuNPs, (b, bl, b2) 11MA-AuNPs, and (c, cl, c2) 16MA-AuNPs at the same Au concentration

of 50 ug/mL, showing subcellular localization of the internalized NPs, respectively. The arrow heads

indicate the MA-AuNPs, and the black arrows indicate the amplification regions.

In order to verify whether the black dots in the nucleus and cytoplasm are AuNPs, the EDS (GENESIS

XM2) combined with TEM (H7650, Hitachi) was used. The elemental analysis results (Figure S1)

show that the black dots or aggregates in the cytoplasm contained Au. However, no Au was found in

the black dots or aggregates in the nucleus. This result indicates that the MA-AuNPs are only located

in cytoplasm regardless of the ligand’s length.
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Figure 5. Representative TEM micrographs of sectioned A549 cells after being cultured with (a)
14
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3MA-AuNPs, (b) 11MA-AuNPs, and (c) 16MA-AuNPs at the same Au concentration of 50 pg/mL,
respectively. Enlarged representative TEM images of (al-cl) cytoplasm and (a2-c2) nucleus recorded
at the regions shown in the solid-line boxes in (a-c), respectively. EDS analysis results of (all-c11)
cytoplasm and (a22-c22) nucleus measured at the regions shown in the dashed-line boxes marked as 1

and 2 in (al-c1) and (a2-c2), respectively.

The different AuNPs were incubated with cells in same Au concentration (50 pg/mL), and the cellular
uptake amount (described as Au content in the cells) was quantified by ICP-MS with high detection
sensitivity. It has to mention that here the cells-associated amount include both internalized ones into
cells and adhered ones on cell surface since the ICP-MS is not able to differentiate. However, the in
vitro cell culture was long enough (24 h) to allow the sufficient cellular uptake of NPs, and the
contribution from the surface-associated ones would be neglectable as evidenced by the TEM
observation (Figs. 4,5). Therefore, the cellular uptake is still used to keep the consistence and clear
presentation. As shown in Fig.6a, the amount of internalized MA-AuNPs increased with the increase
of ligand length, and the internalized amount of 16MA-AuNPs was nearly 4.5 times higher than that of
the 3MA-AuNPs. These results were on the contrary to previous work, in which the amount of
internalized M-NPs (M represents the ligand of same EG length but different end group such as
methyl and phenyl) by HeLa cells decreased with the hydrophobic index increase in 10 %
FBS/DMEM *’. This inconsistency should be attributed to the difference in chemical structures of the
ligands on NPs surface. Nonetheless, the results indicate that the length of ligand grafted onto the

AuNPs plays a significant role on uptake of MA-AuNPs by A549 cells.

15
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Figure 6. (a) Uptake amounts of MA-AuNPs by A549 cells measured by ICP-MS. (b) Cytoviability of
AS549 cells. The A549 cells were incubated with MA-AuNPs with an Au concentration of 50 pg/mL

for 24 h. Error bars represent mean+SD (n= 3). * denotes significant difference at p<0.05 level.

Taking into account the protein adsorption results, it is reasonably to conclude that the higher
adsorption of adhesion mediators (especially Vn) from 10 % FBS onto the 11MA-AuNPs and
16MA-AuNPs favors their uptake by A549 cells compared to the 3MA-AuNPs. One can assume that
the interaction between the MA-AuNPs and the cells involves the whole AuNPs-protein complex and
not the bare AuNPs. Therefore, the properties of this complex are the parameters to influence the
uptake by the cells. Indeed, uptake of NPs is a two-step process. First, NPs are covered with protein
corona, and adhere onto the cell membrane and interact with lipids and proteins of the membrane. This
step is followed by the activation of some energy-dependent uptake mechanisms, which allow the NPs
to be internalized by a cell. The proteins-NPs complex could mediate binding to a cell by two
mechanisms, specific and non-specific. In the specific interactions, the adsorbed proteins on the NPs
interact with the binding sites of receptor proteins on a cell surface. The non-specific interactions
involve random binding between the proteins-NPs complex and cell surface. Since all the MA-AuNPs

studied here display a similar size and surface charge in biological medium, our results support the
16
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existence of specific interactions instead of non-specific ones. Multiple serum proteins attached to the
MA-AuNPs may allow entry through multiple receptor sites.

As discussed above, the adhesion mediators (Fn, Vn, Ln and Fgn) adsorbed on the AuNPs can interact
with receptors of cells through their RGD domains, which can modulate cellular uptake either in their
native state or after undergoing a conformational change. The relative amount of Vn adsorbed on the
MA-AuNPs increased significantly with the MA length. Compared to the other three proteins (Fn, Ln
and Fgn), the Vn was largely adsorbed on all the three MA-AuNPs. By repotting the cellular uptake
amount of MA-AuNPs (Fig. 6a) against the adsorption amount of Vn (Fig. 3¢), one can find that the
internalized MA-AuNPs increased linearly with the Vn adsorption amount. Therefore, the adsorbed
Vn should take a major role in mediating the cellular uptake of the MA-AuNPs.

The cytotoxicity of MA-AuNPs was evaluated by MTT assay (Fig. 6b), which reflects the cell
metabolic activity based on the ability of the mitochondrial succinate/tetrazolium reductase system in
living cells. The 16MA-AuNPs exhibited higher cell toxicity than the 3MA-AuNPs and 11MA-AuNPs,
which is highly attributed to the significant larger amount of internalized AuNPs in the A549 cells. No
significant difference between the 3MA-AuNPs and 11MA-AuNPs was found, suggesting the uptake

amount of 11MA-AuNPs is not high enough for inducing apparent cytotoxicity.

17
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Figure 7. Schematic illustration showing the influence of alkyl acid length on serum protein adsorption
and subsequent uptake of the AuNPs by A549 cells. The top panel shows the as-synthesized AuNPs
modified with MA at increasing alkyl acid length. The middle panel illustrates how alkyl acid length
determines the serum proteins adsorbed on the MA-AuNPs surface. The lower panel shows that

cellular uptake of the MA-modified AuNPs is alkyl length dependent.

The increase of alkyl length on the AuNPs improves not only the hydrophobic index but also the
ability to stabilize the AuNPs in complex cytoplasm. Many previous works reported that the alkyl
length can influence the adsorption amount of serum proteins **** . Here the amount of serum proteins
adsorbed on all the three MA-AuNPs has no significant difference though slightly increases with the

longer alkyl length. However, the amount of adhesion mediators (Fn, Ln, Vn, Fgn) especially Vn on

18
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the MA-AuNP, which interact with the receptors on cell membrane, increases significantly with the
increase of alkyl length (middle panel in Fig. 7). As there is no significant difference of MA-AuNPs’
properties in terms of surface charge and size even after protein adsorption, it is safe to conclude that
the difference in cellular uptake is caused by the interaction of protein-AuNPs complex rather than the
AuNPs with the cells. The increased amount of adhesion mediators especially Vn on the AuNPs of
longer alkyl ligands enhances the cellular uptake (lower panel in Fig. 7). The 3MA-AuNPs are present
in densely aggregated clusters inside cytoplasm, whereas the 11MA-AuNPs and 16MA-AuNPs are
better dispersed in cytoplasm (lower panel in Fig. 7). Therefore, the MA-AuNPs with longer alkyl
ligands adsorb more mediater proteins especially Vn, enhance cellular uptake, and maintain better
dispersion in cytoplasm. It has been found that the cellular uptake of NPs is influenced by the

149 and the properties of NPs*>*'. Zhu et al. reported that the surface

adsorption amount of FBS
hydrophobicity is a critical factor for controlling serum albumin binding, which in turn decreases the
cellular uptake of AuNPs®’. In this study, the adsorption amount of adhesion mediators (especial Vn)
rather the BSA or FBS was governed by the alkyl’s length. It is the protein (especially Vn)-NPs
complexes that influence the subsequent cellular uptake and cytoplasm distribution. Therefore, the
current study provides important but usually overlooked information that not only the properties of
hydrophilic coatings of NPs influence the protein adsorption and subsequent cells-NPs interactions,

but also the length of hydrophobic part of surface coating of NPs can dominate their interactions

between proteins and cells.

3. Conclusion

Three types of AuNPs modified with alkyl acids of different chain length were successfully prepared.

19
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These particles had a diameter about 5 nm and narrow size distribution regardless of the ligand length
in a dry state. However, their hydrodynamic diameters increased several to ten folds in mediums in
particular the protein-containing mediums. The overall variation of sizes between the MA-AuNPs of
different ligand length in the same type of mediums such as 10% FBS/DMEM was within a small
range (i.e. ~10%). The surface charge maintained negative in all types of mediums checked, but the
absolute values became less negative in the sequence of PB, BSA/PB, and 10% FBS/DMEM, and
became around -20 mV in 10% FBS/DMEM used for cell culture. The length of alkyl ligands on the
MA-AuNPs had no significant influence on the amount of adsorbed serum proteins, but significantly
affected the adsorption of adhesion mediators especially Vn which can specifically interact with cells.
AS549 cells took up higher amount of MA-AuNPs with longer ligands, which showed better dispersity
in cytoplasm too. Therefore, the cytoplasmic distribution and cellular uptake of MA-AuNPs with
different alkyl ligands are controlled by the MA-AuNPs-protein complex consisting of different
amounts of adhesion mediators especially Vn, but not the bare MA-AuNPs and the total amount of
adsorbed proteins. Elucidating the mechanism of cellular uptake of NPs with different length of alkyl

ligands will be a valuable resource for designing alternative formulations with improved performance.

4. Materials & Methods

4.1 Materials

Hydrogen tetrachloroaurate hydrate (HAuCl;-4H,0), and trisodium citrate dehydrate
(C¢HsNa3;07,-2H,0) were purchased from Sinopharm Chemical Reagent Co., Ltd. Sodium
boronhydride (NaBH,) was purchased from Aladdin. Bovine serum albumin (BSA),
3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 3-mercaptopropionic acid
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(99%, 3MA), 11-mercaptoundecanoic acid (95%, 11MA), and 16-mercaptohexadecanoic acid (90%,
16MA) were obtained from Sigma-Aldrich and used without further purification. Laminin (-2
(sc-2312), Fibrinogen y (sc-18032), vitronectin 10/75 (sc-7776), fibronectin (sc-73611), and B-actin
were all purchased from Santa Cruz. All other chemicals were of analytical grade and used without
further treatment if not specially mentioned. The Milli Q water was used throughout the experiments.
For nanoparticles synthesis, all glasswares were cleaned by freshly prepared Aqua Regia solution
(HCI/HNOs, 3:1). A549 cells were purchased from the Cell Bank of Typical Culture Collection of
Chinese Academy of Sciences, and all reagents for the cell culture were used directly.

4.2 Synthesis of gold nanoparticles and surface MA-immobilization

The 5 nm gold nanoparticles (AuNPs) were synthesized by a citrate and NaBH, reduction method **.
Briefly, 90 mL water and 1 mL HAuCl, solution (25 mM) were added to a 250 mL Erlenmeyer flask
and stirred for 1 min, and then 2 mL 38.8 mM sodium citrate was added and stirred for another 1 min,
and finally 1 mL 0.075wt% NaBH,/38.8mM sodium citrate solution was added and stirred for 5 min.
The obtained AuNPs (3MA-AuNPs, 11MA-AuNPs, and 16MA-AuNPs) were capped sufficiently with
3MA, 11MA and 16MA in the respective solutions of 3.5 mM MA/phosphate buffer (PB) at 37 °C
overnight, and followed by dialysis for 2 d.

4.3 Characterization of AuNPs

The gold concentration (m, g/mL) of the NPs solution was measured by using inductively coupled
plasma mass spectrometry (ICP-MS, XSENIES, USA) and by referring to a calibration curve
constructed with known concentrations of HAuCl, at the same conditions. The size of the MA-AuNPs
was determined by transmission electron microscopy (TEM). 10 pL of diluted MA-AuNPs solution

was applied on a carbon-coated copper grid and dried under atmosphere overnight. The diameter of
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each particle (D) was measured by using Image J Software from the TEM images, with at least 500
particles counted per sample.

4.4 Quantification of adsorbed proteins

Micro bicinchoninic acid (uBCA) assay: The amount of proteins (BSA and fetal bovine serum (FBS))
adsorbed on the MA-AuNPs was obtained by the uBCA assay, using standard procedures according to
the manual instructions. Briefly, the AuNPs were incubated in the protein solution (4 mg/mL BSA/PB,
10% fetal bovine serum (FBS)/Dulbecco’s modified eagle medium (DMEM)) and were shaken at 37
°C for 12 h. After the sample was centrifuged at 20000 g/min for 120 min, the supernatant was
discarded. The NPs were redispersed in PB (pH 7.4) by gentle shaking for 10 min, and centrifuged
again. Totally 3 washes were performed to remove the free proteins. The proteins-adsorbed
MA-AuNPs were then treated with 5 % sodium dodecylsulphate (SDS) to release the protein, whose
amount was quantified by using the uBCA assay regent kits.

Western blot assay: The MA-AuNPs were incubated with the 10 % FBS/DMEM at 37 °C for 12 h
under shaking and sterile conditions. After the sample was centrifuged at 20000 g/min at 4 °C for 120
min, the supernatant was discarded. The NPs were redispersed in PB by gentle shaking, and
centrifuged again. Totally 3 washes were performed to remove the free proteins. The
proteins-conjugated MA-AuNPs were completely homogenized in radio immunoprecipitation assay
buffer (RIPA) with protease inhibitors. The lysates were centrifuged at 20000 g/min at 4 °C for 120
min, and the supernatants were analyzed on a SDS-PAGE. After being transferred to a poly(vinylidene
fluoride) (PVDF) membrane (Millipore, MA, USA), the transferred membranes containing lysates
were incubated overnight with antibodies (laminin B-2 (sc-2312 ), fibrinogen y (sc-18032), vitronectin

10/75 (sc-7776), and fibronectin (sc-73611)), and detected using an enhanced chemiluminescence
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(ECL Western Blotting Substrate, Pierce, USA) system. The integral optical density (IOD) was
determined using the software Bandscan 5.0.

4.5 Dynamic light scattering (DLS) and zeta potential measurement

The Z-average hydrodynamic diameter of the MA-AuNPs was determined at 37 °C in different
concentrations of NaCl solutions (10, 30 and 50 mM), PB (10 mM, pH 7.4), 4 mg/mL BSA/PB
solution, and 10 % FBS/DMEM (pH 5 and 7) solution by using DLS with a high performance particle
analyzer (Zetasizer Nano, Malvern) equipped with a 633 nm wavelength laser. The scattering intensity
was recorded at a 173° angle in kilo counts per second.

The zeta potential of the MA-AuNPs was measured at pH 7.4 and 37 °C by using the same machine in
PB, 4 mg/mL BSA/PB, and 10 % FBS/DMEM solutions.

4.6 UV-vis absorbance measurements

The effect of proteins on the plasmon excitation wavelength of MA-AuNPs was determined by
recording the absorbance of gold NPs (400-700 nm) in the absence and presence of proteins (4 mg/mL
BSA/PB or 10 % FBS/DMEM) on a UV-vis spectrophotometer (Shimadzu UV2550). Each spectrum
was an average of 3 individual samples recorded twice. When the spectra of MA-AuNPs were
recorded in cell culture medium, DMEM supplemented with 10 % FBS without phenol red was used
to exclude the strong absorbance of phenol red.

4.7 Cell viability and proliferation

To determine the A549 viability, the cells were plated at a density of 5x10* cells/cm® in a 24-well plate
and cultured for 24 h. The medium was replaced with fresh one containing the MA-AuNPs with an Au
atomic concentration of 50 pg/mL. After treatment for a given time, 100 pL 5 mg/mL MTT solution

was added to each well, and the cells were further cultured at 37 °C for 3 h. The dark blue formazan
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crystals generated by the mitochondria dehydrogenase in live cells were dissolved with dimethyl
sulfoxide to measure the absorbance at 570 nm by a microplate reader (MODEL 680, Bio Rad).

4.8 Cellular uptake of AuNPs

The amount of MA-AuNPs internalized by A549 cells was determined by ICP-MS. Briefly, the cells
were seeded on a 12-well plate at a density of 5x 10* cells/cm” and allowed to attach for 24 h. The
medium was then replaced with 10 % FBS containing 3MA-AuNPs, 11MA-AuNPs, and
16MA-AuNPs with an Au concentration of 50 pg/mL, respectively. After 24h, the plates were washed
5 times with phosphate buffered saline (10 mM, PBS) to remove the free MA-AuNPs. The cells were
harvested by trypsinization, and the cellular uptake amount of MA-AuNPs was quantitatively

determined by ICP-MS.

For TEM cell section analysis, the cells were seeded on a 6-well plate at a density of 5x10* cells/cm®.
After cultured for 24 h, the cells were further incubated with the MA-AuNPs (Au concentration 50
png/mkL) for 24 h. At a determined time interval, the cells were washed 5 times with PBS, trypsinized,
centrifuged, and then fixed with 2.5 % glutaraldehyde. After 2 h of fixation at 4 °C, the samples were
washed with PBS (0.1 M, pH 7.0) 3 times. Then the samples were fixed with 1 % perosmic oxide for 2
h at 4 °C. After being washed in water, the samples were dehydrated in a series of alcohol solutions
with increased concentrations, embedded, and sliced with a thickness between 50 and 70 nm. The
morphology and structure of the obtained samples were examined by a transmission electron
microscope (TEM, H-7650, Hitachi) equipped with X-ray energy dispersion spectrum (EDS,

GENESIS XM2).

Statistical Analysis. The experimental data are expressed as mean + standard deviation and the
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significant difference between groups was analyzed using one-way analysis of variance (ANOVA) (for

two groups) and two-way ANOVA (for more than two groups) in the Origin software. The statistical

significance is set as p < 0.05.
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