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Cellular binding of nanoparticles in the presence of serum proteinswz
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Cellular binding of cationic nanoparticles in the presence of

serum proteins was probed with two-colour fluorescence micro-

scopy. Cationic nanoparticles associate with serum proteins in

solution and bind to the cell surface as a single anionic complex.

Displacement of serum proteins from the nanoparticles was

found to be protein dependent.

Nanoparticles (NPs) have important biomedical applications

ranging from the treatment of human disease with gene

therapy to understanding basic cellular functions with

fluorescent probes. NPs for use in cellular applications have

been synthesized from materials that include polymers,1–3

semiconductors,4 carbon,5 and noble metals.6,7 Common to

all of these materials is the need to functionalize the NP for

cellular binding, internalization, and targeting.

Cationic peptides, polymers, and lipids are the ligands most

commonly used to initiate the cellular binding and endocytic

uptake of NPs.1,8–14 Endocytosis can be highly specific with a

receptor on the cell surface recognizing a specific ligand and

initiating the internalization of the ligand into an endocytic

vesicle.15 In comparison, the cationic ligands conjugated to NPs

are often synthetic and lack dedicated receptors on the cell surface.

Although the endocytic uptake of cationic ligand–NPs is typically

described as non-specific, there are key elements in this pathway

that appear to be common to many of the cationic NPs. Many of

the cationic ligands used for the functionalization of NPs are

dependent on proteoglycans for binding to the cell surface.16–24

Proteoglycans consist of a central protein bound to multiple sugar

side chains.25 The highly-sulfated sugar side chains of the proteo-

glycans provide dense regions of negative charge. Previous studies

have shown that removal of proteoglycans or their sulfate groups

will inhibit endocytosis of cationic NPs.21,24

While binding of cationic NPs to anionic proteoglycans on

the cell surface is conceptually straightforward, recent work

characterizing the surface of NPs in the presence of serum

proteins presents a more complex picture of NP–cell inter-

actions.26,27 Medium in which cells are cultured, referred to as

cell culture medium, typically consists of two components.

The medium alone is an aqueous solution of amino acids,

vitamins, inorganic salts, and glucose. For cell culture this

medium is supplemented with serum, a protein solution

separated from the whole blood of cows, pigs, horses, or other

animals. While the medium is a carefully controlled solution,

the serum is a highly complex and varied mixture of proteins.28

Results with a range of different NPs including gold nanorods,29

Al2O3,
30 silica,31 TiO2, carbon black, fullerol,32 polymers,31–34 and

a correspondingly broad range of techniques including zeta

potential measurements,29,30,32 dynamic light scattering,29,31,32

differential centrifugal sedimentation,31 transmission electron

microscopy,31 isothermal titration calorimetry,33 surface plasmon

resonance,33 and size-exclusion chromatography33 suggest a model

in which NPs, both cationic and anionic, rapidly bind a mixture of

proteins present in serum resulting in an anionic NP that

essentially presents a surface of serum proteins to the cell surface.

Of particular interest is how this serum protein–NP complex

interacts with the cell surface. Specifically, does the serum

protein bind to the cell with the NP or is it displaced at the cell

surface by a higher affinity membrane protein. Previous work

with N-isopropylacrylamide NPs in serum has shown that

human serum albumin is the initial binder, but it is replaced by

higher affinity proteins in solution.34 It is possible that a

similar effect occurs on the cell surface with a membrane

protein displacing the serum protein.

We sought to understand howNPs interact with the cell surface

in the presence of serum proteins. We focused on an essential step

in this process, binding of NPs to cells following exposure to the

serum proteins found in cell culture medium. These experiments

were carried out using simple NPs; cationic, amine-modified,

200 nm, polystyrene spheres (FluoSpheres, Invitrogen) with no

additional ligands. We first measured the effective surface charge

of the NPs in the presence and absence of serum proteins (Fig. 1).

The NPs have a positive zeta potential of +40 mV in water.

Subsequent measurements were carried out in Minimum Essential

Medium (MEM) and MEM supplemented with 10% fetal bovine

serum (FBS). MEM supplemented with 10% FBS is a common

Fig. 1 Zeta potential measurements of NPs in water, MEM (v/v%, see

ESIz) and FBS (v/v%) in MEM. FBS measurements were made in MEM

supplemented with 10% FBS, diluted in water. Volume percents reflect the

amount of FBS in solution. The amount of MEM is 10� the amount of

FBS such that 1% FBS in MEM corresponds to a 10% MEM solution.
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cell culture medium for multiple cell lines including the monkey

kidney cells (BS-C-1, ATCC) used in these experiments. Zeta

potential measurements in the presence of MEM show a

decreased, but still positive, zeta potential (Fig. 1). A solution of

1% MEM in water shows a slight decrease, from +40 mV to

+27 mV. Higher concentrations of MEM show that the zeta

potential plateaus at +5 mV. The addition of FBS in MEM

results in a net negative charge on the NP. A 0.01% solution of

FBS results in an effective surface charge of �14 mV on the NP.

Similar zeta potentials were measured for FBS in water

(Fig. S1, ESIz).
The above results demonstrate that serum proteins bind to

cationic NPs in solution resulting in anionic FBS–NPs. We

next sought to determine if serum proteins remain bound to

the NP on the cell surface, possibly due to a more complex

interaction with proteoglycans,35 or if the serum proteins

dissociate upon binding to the cell surface. To test these two

possibilities it is necessary to observe both the FBS and NP as

they interact with the plasma membrane. Multi-colour

fluorescence imaging is ideal for this application as it allows

one to image multiple fluorophores simultaneously as they

interact with live cells. The amine-modified NPs described

above are fluorescent with an absorption at 505 nm and an

emission at 515 nm. FBS or bovine serum albumin (BSA) was

labeled with AlexaFluor647 (AF647, 650 nm absorption,

665 nm emission, Invitrogen, A20006) according to the

manufacturer’s instructions. In brief, 125 mM BSA was

incubated with 640 mM AF647 for 1 hour at pH 8. The reaction

was stopped with the addition of a 1000-fold excess of hydroxyl-

amine, which also prevented the reaction of AF647 with the

amine-modified NPs (Fig. S2, ESIz). Excess AF647 was

removed with a Nap5 size exclusion column (GE Healthcare).

Final concentrations of protein and AF647 were measured

with a UV-Vis spectrophotometer (DU800, Beckman Coulter,

Fullerton, CA, USA). The NPs and fluorescently-labeled FBS

(AF647-FBS) were incubated at room temperature for

20 minutes and then added to BS-C-1 cells cultured in 35 mm

glass-bottomed Petri dishes (MatTek, Ashland, MA, USA).

The cells were placed in MEM alone prior to the addition of

the AF647-FBS and NPs. Cells were incubated with the

AF647-FBS and NPs for 10 minutes at room temperature to

allow binding to the plasma membrane. The cells were then

rinsed with phenol-red free MEM and imaged with an inverted

microscope (Olympus IX71, Center Valley, PA, USA) with a

60�, 1.20 N.A., water immersion objective (Olympus).

Two-colour images taken after the 10 minute incubation

show 100% colocalization of the AF647-FBS and NPs on the

cell surface (Fig. 2A), suggesting that FBS and NPs bind to the

cell surface as an FBS–NP complex. FBS is a complex mixture

of different proteins. To have a better defined ligand for

quantitative measurements, BSA, the major component of

plasma,28 was labeled with AF647 using the method described

above. Like FBS, the addition of BSA to cationic NPs results

in anionic BSA–NPs in solution (Fig. S1, ESIz). Two-colour
imaging was repeated with AF647-BSA and NPs (Fig. 2B) at a

maximum ratio of 8000 BSA molecules to each NP. This

number of BSA molecules is on the order of the amount

calculated to form a monolayer on the NP and does not affect

the size of the NP (Fig. S3, ESIz). Identical results of 100%

colocalization were obtained when cells were imaged immediately

following binding to the cell surface. This demonstrates that

serum proteins and cationic NPs bind as a complex on the

plasma membrane.

We then considered how the complex between the serum

protein and NP changes over time to determine if the serum

proteins were displaced from the NP after binding to the cell

surface. This was tested by incubating FBS–NPs and

BSA–NPs for 18 hours at 37 1C in the presence of MEM

supplemented with 10% unlabeled FBS (Fig. 3 and Fig. S5,

ESIz). These relatively large, 200 nm NPs, without an

endocytic ligand, were chosen specifically for their inability

to enter the cell, allowing us to study binding as an isolated

event. While the NPs lack functionalization with a traditional

endocytic ligand, BSA can act as an endocytic ligand36–38 and

internalization after 18 hours was measured to ensure that the

NPs remained on the cell surface. Minimal (o5%) endocytic

uptake was observed following the 18 hour incubation (ESIz).
Despite the excess of unlabeled FBS that could exchange

with the AF647-FBS on the NP surface, only a 27% decrease

in colocalization of AF647-FBS and NPs was observed after

18 hours. A greater effect was observed for AF647-BSA with a

54% decrease in colocalization after the 18 hour incubation.

Fig. 2 Fluorescence images of NPs (green) and serum proteins (red)

bound to BS-C-1 cells after a 10 min incubation at room temperature.

Colocalized signals appear yellow. Nuclei are stained with DAPI

(blue). (A) FBS–NPs. (B) BSA–NPs. Unmerged images are shown in

Fig. S4 (ESIz).

Fig. 3 Colocalization of NP and AF647 signals for FBS–NPs and

BSA–NPs at 10 minutes and 18 hours after addition to cells. The cells

were fixed in 4% formaldehyde at the 18 hour time point. Error bars

represent the standard deviation of 9–11 cells with an average of

69 NPs/cell. Representative images for both FBS and BSA are shown

in Fig. S5 (ESIz).
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Lack of observed colocalization between a NP and AF647-BSA

indicates that greater than 99.9% of the AF647-BSA has been

displaced from the NP based on our limits of detection for

AF647-BSA (Fig. S6, ESIz). In solution, in the absence of

cells, the zeta potential and hydrodynamic diameter of

FBS–NPs remain stable over an 18 h incubation at 37 1C.

The zeta potential undergoes a slight increase, from �14 to

�8 mV, but remains negative (Fig. S7, ESIz).
The importance of serum protein–NP interactions in

biological applications is becoming increasingly well-

recognized.26,27,31 The research described above confirms that

cationic NPs bind to serum proteins in solution resulting in

anionic protein–NPs (Fig. 1) as has been observed previously

for a range of NPs including surfactant- and polymer-coated

gold nanorods,29 colloidal Al2O3,
30 and similar amine-

modified polystyrene NPs.32 The major contribution of this

research is the direct observation of the first step in the NP–cell

interaction; binding of the NP to the cell surface (Fig. 2). Two-

colour fluorescence imaging using FBS and BSA labeled with a

red fluorophore and NPs labeled with a green fluorophore

makes it possible to determine if the serum protein remains

bound to the NP upon binding to the cell surface. For both

FBS and BSA, 100% colocalization between the serum protein

and the NP was observed on the cell surface demonstrating

that FBS and BSA remain bound to the NP as it binds to the

plasma membrane. Over an 18 hour incubation, relatively little

FBS is displaced from the NP surface while BSA is more

readily displaced (Fig. 3). This is in good agreement with

previous work with serum proteins and polymer NPs that

showed human serum albumin was displaced by higher affinity

apolipoproteins that are also components of plasma.34 As our

labeling method will label multiple protein components of

FBS, it is possible that higher affinity proteins remain bound

while albumin is displaced. In the case of AF647-FBS, both

the higher affinity proteins and albumin are labeled and

indistinguishable with fluorescence measurements. In comparison,

AF647-BSA is displaced by either free, unlabeled, FBS in

solution or proteins on the cell surface.

This work demonstrates that NP binding to the cell surface

occurs as a serum protein–NP complex. The specific inter-

actions that lead to cellular binding, as well as the influence of

the serum proteins on the endocytic pathway of the NP,

remain to be determined. In terms of binding, recent work

has shown that cationic glycopolymer–DNANPs interact with

proteoglycans on the cell surface independently of charge on

the NP,35 suggesting a more complex interaction than electro-

statics alone. Additionally, previous work has shown that

certain membrane-associated proteins have a higher affinity

for albumin bound to gold NPs than albumin alone.36 These,

or similar proteins, may also play a role in the cellular binding

of the serum protein–NP complex. It is hoped that a better

understanding of the serum protein–NP interaction, especially

on the cell surface, will aid in the rational design of ligands

used for NP and gene delivery in protein-rich environments,

such as those found in in vivo applications.

The authors thank the NIH Director’s New Innovator

Award (to C.K.P., 1DP2OD006470) for financial support
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