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ABSTRACT 
 
In this work, we studied the nano-biointeractions 

occurring between cell culture media and differently sized 
AuNPs, to determine how media composition influences 
the formation of protein/NPs complexes that, in turn, may 
affect the cellular response. To this purpose, we performed 
an accurate investigation of the bio-physicochemical 
properties of model spherical AuNPs of different sizes upon 
incubation with DMEM and RPMI, supplemented with the 
protein source FBS. We analyzed protein-NP interactions in 
solution over time by several spectroscopic techniques, 
finding that, while DMEM elicited the formation of a large 
time-dependent protein corona, RPMI showed different 
dynamics with a reduced protein coating. As a 
consequence, we detected remarkable differences in the 
cellular uptake of the NPs as well as in the cell viability, as 
a function of the nano-bioentities formed in the two media. 
These results may provide important information for the 
development of reliable protocols in in vitro studies. 
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1 INTRODUCTION 

The nanotechnology based market is growing 
tremendously fast. By looking at the variety of novel 
products (cosmetics, hair tonics, bristles of toothbrushes, 
conductive ink, lubricant oil, etc.), it is possible to observe 
that many of them contain gold nanoparticles (AuNPs). 
Moreover, due to their straightforward synthesis and 
surface chemical functionalization with biomolecules, 
AuNPs are widely applied in many fields such as 
biosensors [1], diagnostics [2], immunoassays [3], imaging 
[4] and therapeutics [5,6]. In its bulk form, gold is widely 
considered as safe and biocompatible, and many drug 
formulations based on Au salts are present on the market 
for the treatment of rheumatoid diseases and arthritis (e.g., 
Solganal®, Auranofin®, etc.). On the other hand, other 
compounds based on AuNPs are currently under trials for 
cancer treatment (for example, CytImmune and AuroLase 
therapy) [7]. However, recent investigations have 
highlighted a remarkable in vitro and in vivo toxicity of 
AuNPs, thus raising important concerns in many fields, 
including nanomedicine, health, material science, drug 
delivery, and risk assessment for humans. Considering this 

scenario, the evaluation of NPs risk on human health has to 
be urgently faced [8]. However, NPs do not behave in 
solution as inert colloids or soluble small molecules. 
Rather, they often undergo aggregation processes, leading 
to the formation of a new range of multisized and unknown 
molecular entities [9,10]. The change of NPs 
physicochemical properties (including size, shape, surface 
area and surface reactivity) possibly causes different 
biological responses and thus an inaccurate assessment of 
NPs toxicity, also due to the absence of an effective dose-
metrics definition [11]. Beyond the intrinsic behavior of 
NPs, other experimental parameters such as the 
characteristics of the surrounding environment (i.e., ionic 
strength of buffer media, pH values, presence of plasma 
proteins as additional nutrient sources) further contribute to 
increase the uncertainty about the molecular entities that 
cells encounter in solution [12,13]. In particular, NPs 
suspended in biological fluids are known to adsorb a set of 
different proteins (referred to as protein corona) [14,15], 
whose composition and affinity kinetics strongly depend on 
particles surface, size, and concentration. Hence, protein 
coating, surrounding and hiding NPs surface, plays a 
pivotal role in determining the effective size, surface 
charge, aggregation state of the newly formed hybrid bio-
nanomaterials, influencing biodistribution and, finally, 
triggering the beneficial or hazardous biological effect 
[12,16]. A detailed characterization of the dispersion state 
of nanomaterials as well as knowledge of the experimental 
parameters controlling such changes have, therefore, 
significant implications for the development of reliable in 
vitro toxicity protocols and predictive models of the 
biological response [11,17-19]. 

In this work, we studied the nano-biointeractions 
occurring between commonly used cell culture media and 
differently sized AuNPs (15, 40 and 80 nm), to determine 
how media composition influences the formation of 
protein/NP complexes that, in turn, may affect the cellular 
response. This may provide important information for the 
development of reliable protocols in in vitro studies. 

 
2 RESULTS AND DISCUSSION 

Citrate capped AuNPs were synthetized and 
characterized as previously reported [20]. To assess NPs 
interaction with cellular media, we used highly 
monodispersed (size dispersion better than 6%) and 
negatively charged (Z-potential ranging from -43.0 to -32 
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mV) NPs with spherical morphology. Such NPs did not 
show aggregation phenomena in ultrapure water, as verified 
by UV-Vis and TEM analyses [20]. Physical-chemical 
assessement of NPs interaction with cellular media was 
performed by suspending freshly synthesized batches of 
AuNPs in RPMI and DMEM supplemented with 10% of 
FBS. We performed DLS experiments in the presence and 
absence of NPs, at physiological temperature (37 °C), over 
time. Results are reported in Figure 1. We can observe that 
the hydrodynamic diameters of all the differently sized NPs 
increased in the two media, until reaching a plateau phase 
(Figure 1, left) although such values and relative kinetics 
were different in the two media solutions. In particular, in 
RPMI, for all sizes, the hydrodynamic diameter of AuNPs 
showed a rapid increase after 1 hour of incubation, 
followed by a constant behavior over time. Such diameter 
increase was proportional to the particles dimension. On the 
other hand, the mean diameter of AuNPs in DMEM 
reached higher values (about 200 nm) independent of NPs 
size, though with a slower kinetics. Figure 1 also reports the 
protein corona volume in the two culture media, as a 
function of the NPs radius. This analysis shows that RPMI 
induced protein corona strongly increases with the particles 
radius, both after 1 h and 48 h of incubation. In DMEM, the 

trend was completely different at 48 h. In this latter case, in 
fact, no significant dependence of biomolecular corona on 
the NPs radius was observed, indicating that protein 
clusters onto the metal surfaces in DMEM were almost 
unaffected by the particles dimensions. These results 
demonstrate that protein adsorption onto NPs surface is 
strongly affected by the suspending medium. Accordingly, 
both UV-Vis and PRLS (Plasmon Resonance Light 
Scattering) analyses confirmed such findings (data not 
shown), further supporting the strong role of the suspending 
medium to influence protein–nanostructure interactions. Ex-
situ investigations of the protein/NP complexes were 
performed by SDS-PAGE and LC-MS/MS, finding no 
particular differences in proteins pattern and composition in 
the two media (data not reported). However, we found 
significant changes in terms of relative abundance of Low-
Molecular-Weight Proteins and Medium-Molecular-Weight 
Proteins in the protein corona over time. To investigate the 
effects on cells of these dynamic protein/NP complexes, 
showing diverse dimensions in solutions, we tested such 
NPs on cells viability, by using two different cells lines 
(HeLa and U937). Cells were cultured both in DMEM and 
RPMI, in the presence of increasing dosage of 15 nm 
AuNPs.

 
Figure 1: DLS monitoring of protein corona dynamics of 15, 40, and 80 nm AuNPs. NPs were suspended in DMEM (left) 

and RPMI (right) with 10% FBS, at 37 °C. Panels (a, c) show the time-dependent size variation of protein corona in the two 
cell culture media, and (b, d) the protein corona volume changes as a function of NPs size at two different times of incubation: 

1 h and 48 h. 
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Before testing, possible interference phenomena between 
AuNPs and both WST-8 reagent and product (formazan) 
were evaluated, finding out no significant interferences in 
the AuNPs concentration range used here (data not shown). 
Also, we verified by trypan blue exclusion dye method that 
both HeLa and U937 correctly grow in DMEM and RPMI 
(they exhibited the same growth rate in the two media). 
Figure 2 reports representative TEM images of 40 nm 
AuNPs incubated in DMEM (a) and RPMI (b) for 48 hours, 
after washing the excess of free proteins in solution by 
centrifugation. The protein corona appears like a grey 
contour around the gold sphere (black). A remarkable 
difference in the size of the protein layer in the two media 
is evident, consistent with the prevous investigations 
(although centrifugation and TEM imaging conditions 
slightly perturbed the protein corona size). WST-8 
proliferation assay indicated a toxic effect of AuNPs in both 
cell lines with a clear variation of viability between the two 
cellular media. In particular, AuNPs show more adverse 
effects in RPMI than in DMEM, suggesting that RPMI 
treated NPs, characterized by a less abundant protein 
corona, exert a stronger toxicity on cells (Figure 2 c,d). 
Such effect is also confirmed when monitoring the 
membrane damage, that was found to be higher in the 

RPMI cultured cells (e,f). AuNPs internalization and 
cellular distribution in both media were monitored by 
confocal microscopy. In Figure 3, we report representative 
confocal images (inserted in the cartoon representing the 
protein/AuNP complexes in the two media) that display 
AuNPs uptake by HeLa cells. Interestingly, we tracked 
unlabeled AuNPs by means of 2-photon confocal 
microscopy, exploiting the intrinsic photoluminescence of 
AuNPs upon 2-photon excitation by a near-infrared 
ultrafast laser [21]. Such label-free technique avoids 
possible artifacts due to the release of free dye in cells. The 
red spots (AuNPs) appear distributed in the cytoskeleton, 
mostly in the perinuclear region (nuclei and cytoskeleton 
are in blue and green, respectively), with a similar behavior 
in the two media. We found that AuNPs were actively 
internalized by cells in a quite similar manner, being 
predominantly localized into lysosomes in both DMEM and 
RPMI (no particular differences were evidenced for U937 
cells). Confocal analyses, however, could not provide a 
quantitative description of AuNPs uptake by cells. 
Therefore, it is possible that the different toxicity observed 
in Figure 2 in the two media is partially due to a different 
cellular uptake capability of the two differently sized hybrid 
nano-bioentities (we observed that the smaller protein

 
Figure 2: Panels (a, b) report representative TEM images of 40 nm AuNPs incubated in DMEM (a) and RPMI (b) for 48 hours, 
after washing by centrifugation the excess of free proteins in solution. The protein corona appears like a grey contour around 
the gold sphere (black). A remarkable difference in the size of the protein layer in the two media is evident, consistent with 

other investigations (although centrifugation and TEM imaging conditions slightly perturbed the protein corona size). Panels 
(c, d) show WST-8 proliferation assays of U937(c) and HeLa (d) cells, cultured in DMEM and RPMI, in the presence of 

increasing concentrations of 15 nm AuNPs, at different incubation times (48 and 96 hours). Panels (e, f) report LDH leakage 
assay performed on U937 (e) and HeLa (f) cells cultured for 48 and 96 h in DMEM and RPMI, in the presence of 15 nm 

AuNPs (500 pM). Data are in percentage with respect to the negative controls (indicated in the graphs as ctrl). Positive controls 
were performed by treating the cells with 5% DMSO (for WST-8 assay) and 0.9% Triton X-100 (for LDH leakage assay). 
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corona coated AuNPs induced higher toxicity). Such 
different cellular uptake in the two media was demonstrated 
by ICP-AES, showing that the overall amount of 
internalized gold was significantly higher in RPMI than in 
the DMEM buffer for the HeLa cells (after 96 hours of 
treatment with 500 pM AuNPs, we detected about 1.8×10-5 
µM for DMEM and 4.6×10-5 µM for RPMI). These 
differences clearly explain the diverse cellular toxicity 
observed in the two media. 
 

3 CONCLUSIONS 

Our results demonstrate that the dynamics of protein-NP 
interactions are differently mediated by the composition of 
cellular media (i.e., DMEM and RPMI supplemented with 
bovine serum), which are the liquid environments where 
NPs encounter cells in in vitro studies. DLS, UV-Vis 
absorption and PRLS data, obtained by in situ studies, 
revealed interesting effects on NPs physical status mediated 
by DMEM or RPMI. In particular, as depicted in the 
cartoon of protein-NP complexes reported in Figure 3, 
DMEM induced a more abundant and quite stable protein 
corona on the differently sized AuNPs, eliciting less NPs 
internalization as compared to RPMI. Importantly, the 
different formation of proteins/NP complexes impacts on 
the cellular response. Thereby, to evaluate NPs dose-
dependence toxicity in in vitro tests, the wide variability of 
the experimental conditions (including physical/chemical 
AuNPs features in the cellular media) should be carefully 
taken into account for the design of standardized protocols. 

Figure 3: Cartoon of protein-NP complexes formed in cell 
culture media and confocal images of AuNPs internalized 

by HeLa cells. Cellular media elicit the formation of 
different protein coating onto the NPs surfaces, producing 
hybrid complexes of diverse size. Smaller complexes are 

more abundantly up-taken by cells, exerting higher toxicity. 
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