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1. Introduction 

 
Engineered nanoparticles (ENPs) have a heightened reactivity as well as distinctive 

magnetic and optical properties that make them ideal for numerous applications in the medical, 

food, cosmetic, and electronic industries [1-4].  Nonetheless, there is an increasing cause for 

concern, given their potential to penetrate cell membranes and cause adverse biological effects [5-

8].  

Several in vitro studies conducted with different cell lines have tracked the cytotoxicity of 

various ENPs including silica [9]; quantum dots  [10, 11]; gold nanorods [12] or polystyrene 

nanospheres with cationic and anionic groups [13].  In all the studies, a direct correlation was 

shown between particle properties (surface charge, specific surface area, size or hydrophobicity) 

and their bioavailability.  Unfortunately, comparisons among toxicity studies are often difficult or 

impractical due to differences in the cell lines that were tested, exposure times, particle 

concentrations or the choice of ENPs [6].  Hence, there is a continuing need to better understand 

the dynamic interactions among nanoparticles, the culture medium and cell surfaces [14].     

Previous reports have investigated the effects of bovine serum albumin (BSA) or fetal 

bovine serum (FBS) on the size and surface potential of TiO2 and ZnO nanomaterials [14-16] and 

special attention has been paid to the role of surface coatings [16, 17].  Researchers have 

highlighted the importance of using several techniques in parallel to study protein-nanoparticle 

interactions [18].  Nonetheless, to date, we do not yet have a good mechanistic understanding of 

how the different components of biological media (e.g., proteins, salts, carbohydrates or serum) 

can interact and affect the stability of ENPs.  In culture media, the properties of the ENP, such as 

surface charge and aggregation state, will be largely determined by the physicochemical properties 

of the solution (e.g., ionic strength, pH, temperature).  For example, through charge screening, the 
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elevated ionic strength (I~150 mM) of biological fluids can decrease the electrostatic repulsive 

forces among surfaces, thereby increasing ENP aggregation [19] or increasing the attachment of 

the ENP onto biological surfaces.  Furthermore, the adsorption of proteins onto ENP surfaces has 

been shown to result in the stabilization of colloidal suspensions [20, 21].  In that case, serum 

protein (e.g., albumin or fibrinogen) may adsorb onto the ENP surface, creating an interface known 

as a protein “corona”, where the degree and kinetics of association will depend on the binding 

affinity and concentration of each protein [14].  Because the “corona” could interact both with the 

cell membrane and the ENP, it is essential to its interactions and effects on the ENPs [20]. 

In this study, we show the impact of I and the adsorption of selected cell culture media 

components on the size and EPM of six ENPs: silica nanoparticles (nSiO2), gold nanoparticles 

(nAu), CdTe quantum dots (QD), carboxymethylcellulose-coated (CMC-nZVI) and bare zero-

valent iron (nZVI) and carboxylated polystyrene latex nanospheres (nPL).  Particle stability was 

monitored in phosphate buffered saline (PBS), PBS with sodium pyruvate, L-glutamine, BSA or 

FBS, and two common cell culture media (DMEM and F-12K).  Three different techniques were 

used to evaluate the size of the ENP: dynamic light scattering (DLS), fluorescence correlation 

spectroscopy (FCS) and transmission electron microscopy (TEM), while laser Doppler 

velocimetry was employed to measure the electrophoretic mobility (EPM).  The factors that 

influence the interaction of the nanoparticles and the media components are examined in an effort 

to determine to what extent their interactions might influence in vitro studies of cytotoxicity. 
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2. Materials and methods 

2.1. Nanoparticle sample preparation 

The cell culture media contain: amino acids (e.g. L-glutamine), carbohydrate sources (e.g. 

glucose, sodium pyruvate) or inorganic salts (e.g. PBS) and they are commonly supplemented with 

proteins (e.g. FBS and BSA) or hormones [22] (Table S1). To better understand the effects of the 

medium components on ENP stability, a number of increasingly complex media were prepared in 

deionized (DI) water (Table 1).  Also, two cell culture media commonly used in nanoparticle 

cytotoxicity studies, i.e. Dulbecco’s modified essential medium (DMEM, Invitrogen) and F-12K 

medium (Invitrogen), were evaluated, with or without the addition of 10% FBS.  

 [TABLE 1 HERE]  

 

The ENPs selected for this study are among the nanomaterials listed by the Organization 

for Economic Cooperation and Development (OECD) as reference materials to support 

measurement, toxicology and risk assessment studies [23], excluding  latex nanospheres (nPL) 

which have been used as a well-defined model particle to compare results.  Bare nZVI and CMC-

nZVI particles were synthesized as previously described [24] and found to have nominal sizes of 

77 and 94 nm, respectively, using TEM [24].  All other particles were used as received by the 

manufacturer: nSiO2 (70 nm nominal size, Nissan Chemical Industries Ltd, TX, USA), 

carboxylated nPL (24 nm nominal size, Invitrogen), citrate stabilized nAu (10 nm nominal size, 

Sigma-Aldrich) and CdTe QD (10 nm nominal size, ViveNano).  The ENPs can be broadly divided 

into 3 categories: (1) non-coated ENPs: nAu and nZVI; (2) carboxyl-functionalized ENPs: CMC-

nZVI and nPL, where the carboxyl groups are covalently bound to the ENP surface; and (3) 

polymer-embedded ENPs: QD and nSiO2, are stabilized with a physically bound polymer coating, 
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whose detailed formulations were not disclosed by the suppliers.  Prior to their dilution into the 

experimental media, nSiO2, nAu, and QD stock suspensions were vortexed at high speed for 30 

sec.  The nPL suspension was sonicated for 5 min and the CMC-nZVI and nZVI suspensions were 

sonicated for 30 min.  Stock suspensions were diluted in the experimental media at a final 

concentration of 1.41012 particles/mL for nSiO2, nPL and QD and 1.41010 particles/mL for 

nAu, and nZVI (due to the lower concentration of available stock suspension).  ENP suspensions 

were vortexed at high speed for 30 sec followed by equilibration at 37 °C for 24 hrs and then gently 

mixed by manual inversion prior to measurements.   

 

2.2. Electrokinetic characterization 

A Zetasizer Nano ZS (Malvern Instruments, UK) was used to measure the electrophoretic 

mobility (EPM) by laser Doppler velocimetry. All analyses were performed in triplicate, using 

three different samples (prepared on different days). A disposable folded capillary cell (DTS 1060) 

was used with an automatically-applied electrical field (E) between 10 to 50 ± 0.1 V/m.  

Measurements were acquired at 37.0 ± 0.2 °C. 

 

2.3. Size analysis 

 Adequate nanoparticle sizing requires the use of multiple complementary characterization 

techniques [25].  The hydrodynamic diameter was estimated using a Zetasizer Nano ZS with a He-

Ne 633 nm red laser.  Correlation functions were interpreted as a number-averaged particle size 

using the DTS Software (v.6.01).  Measurements were carried out in triplicate, using three different 

samples prepared on three different days at 37.0 ± 0.2 °C.   
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 Hydrodynamic diameters were also determined by means of fluorescence correlation 

spectroscopy [25-27] using a Leica TCS SP5 laser scanning microscope with an Ar ion laser for 

excitation (514 nm).  Non-fluorescent ENPs (nSiO2, nAu, nZVI and CMC-nZVI) were labelled by 

adding a small quantity (10-8 M) of rhodamine 6G (R6G, Sigma-Aldrich) prior to measurements.  

The concentration of R6G corresponded to <0.1% nanoparticle surface coverage.  An optimized 

setting time of 30-100 sec was used for data acquisition and measurements were repeated 10 times.  

In order to obtain the nanoparticle diffusion coefficients, the dimensions of the confocal volume 

were first calibrated using rhodamine 110 (Sigma-Aldrich), which has a known diffusion 

coefficient of 4.7×10-10 m2/s in water [28].  Weight averaged diffusion coefficients were 

determined from the measured diffusion times through the calibrated confocal volume.  FCS 

measurements were conducted at 22 ± 1°C using at least three independent samples.  Because it 

was not possible to conduct FCS measurements at 37°C, these data are included here solely as 

supporting data for the DLS measurements.  Furthermore, given that the characterization of QD 

has been known to lead to inaccurate size measurements by FCS due to their blinking [25], they 

were not performed here.  

 Bathochromic shifts in UV absorbance have been attributed to a change in the dielectric 

environment of metal-based nanoparticles [29] which might result from particle aggregation [30, 

31]. UV-Visible spectra were recorded for nAu colloidal solutions with a UV/visible 

spectrophotometer (Hewlett–Packard Model 8453) using a 1 cm quartz cell with a 1 mm aperture. 

 Finally, Transmission Electron Microscopy (TEM) was used to obtain high-resolution 

images of two of the nanoparticles (nAu and QD) under selected conditions.  The specimens were 

prepared following the procedure recommended by Mavrocordatos et al. [32].  In brief, a small 

droplet (20 µL) of the nanoparticle suspension was placed onto Cu TEM grids (SPI Supplies) 
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coated with a carbon-free SiO film then left to dry overnight.  The images were taken with a Philips 

CM200 TEM equipped with a 2k×2k CCD camera (Advanced Microscopy Techniques Corp., MA, 

USA) and operating at 200 kV with a LaB6 filament.  Mean sizes and 95% confidence intervals 

were determined from the measurement of at least 10 particles per frame, in at least three randomly 

selected images recorded at high magnification (>100000×).   

 

2.4. Statistical significance 

All results were presented as the mean of the assessed EPM or particle size for at least three 

independent measurements with the error bars representing the respective 95% confidence 

intervals.  The difference between each experimental condition and the corresponding control for 

all ENPs was evaluated using Student t-tests.  Symbols “*” or “” and “+” or “” have been 

employed to denote the statistically significant difference (p<0.05) between values of size or EPM 

values with their corresponding control values, respectively (i.e. when no symbol is present, there 

is no significant difference between size and EPM values with the control values). 

 

 

3. Results  
 
 

Because numerous conditions and ENPs have been examined, in the following discussion, 

they have been ordered with respect to an increasing complexity of the medium “A to M” (Table 

1) and increasing complexity of surface coating on the ENP (particles i to vi, Figure 1).  

3.1. Characterization of non-coated ENPs in aqueous suspensions and effect of media composition 

on particle stability 
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For all of the investigated particles, EPM values (Figure 1) were negative over the entire range of 

studied conditions.  Although the nAu used here is stabilized with citrate (Figure S1), this ENP is 

discussed alongside the nZVI due to the fact that citrate is a relatively small molecule compared 

to the other polymeric coatings (such as CMC) used to stabilize the other ENPs we studied.  For 

the nZVI, measured sizes were significantly larger (3-4 times their nominal sizes) than the values 

obtained by TEM (77 ± 15 nm)  [24].  Indeed, even at low I, DLS values of ~350 nm in 1 mM 

NaHCO3 strongly suggest the formation of particle aggregates in this medium (probably caused 

by attractive magnetic forces).  Suspensions of the nAu appeared to be fairly stable at low I even 

though the nominal size reported by the manufacturer (8.5-12 nm) was significantly smaller than 

the results obtained by DLS (~30 nm, about 3 times the nominal size) (Figure 1ii).   

[FIGURE 1 HERE] 

When the I of the medium increased (medium A to medium B), sizes of nZVI and nAu 

doubled or tripled, even though variations in EPM were negligible.  The addition of sodium 

pyruvate (medium C) or L-glutamine (medium D) to the PBS medium (B) had relatively little 

effect on the EPM of the ENPs, but both pyruvate and L-glutamine resulted in increased 

aggregation of the nAu (2-fold and 5-fold increase in diameters, respectively) and no significant 

effect on the nZVI.  To corroborate the observed phenomenon, UV-visible spectra of diluted nAu 

suspensions were recorded in water and in pyruvate solution (C).  The addition of this constituent 

resulted in a bathochromic shift (Figure 2), consistent with particle aggregation as also observed 

in other reported studies [30, 31].   

[FIGURE 2 HERE]  
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The addition of a small amount of albumin (medium E) did not cause a significant change 

in either the EPM or the sizes of nZVI or nAu as compared to PBS (medium B).  In contrast, a 

larger addition of albumin (10%, medium F) promoted significantly greater aggregation of the nAu 

as compared to either the non-supplemented medium (B) or the medium with lower albumin 

concentration.  The addition of FBS (media G and H) resulted in increased colloidal stability of 

nAu as compared to both the control medium (B) and the media containing BSA (E and F).  On 

the other hand, for the nZVI, only the addition of pyruvate may have increased particle stability, 

consistent with a more negative particle charge.  Additions of L-glutamine (medium D), low 

concentration of BSA (medium E) or FBS (medium G) had negligible effect on nZVI size or EPM.  

The above characterization of ENPs in suspension helps to enhance our understanding of 

nanoparticle behaviour in complex cell culture media (DMEM or F-12K, either in the presence or 

absence of supplements).  In general, EPM values were quite similar in the four media (J to M).  

For the nAu, sizes measured in DMEM (medium J) or F-12K (medium L) indicated clear evidence 

of ENP destabilization, with particle diameters that were several fold larger than either the 

bicarbonate (A) or PBS (B) controls.  In contrast, the addition of 10% FBS (media H, K, M) once 

again had a similar strongly stabilizing effect.  Increased aggregation was observed for nZVI in 

both the F-12K and DMEM media and the addition of FBS significantly decreased aggregation. 

 

3.2. Characterization of carboxylated ENPs in aqueous suspensions and effect of media 

composition on particle stability 

The CMC-nZVI and nPL may be schematically represented as having short polymer 

brushes with negatively charged carboxylic groups at the ENP surface (Figures 1iii and 1iv 
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respectively).  Globally, these ENPs were much more stable in the experimental media than were 

the bare nZVI and the nAu.  In medium A, the measured diameters for nPL and CMC-nZVI were 

close to the nominal particle sizes, indicating the absence of aggregation at low I.  The increase of 

I in medium B had little effect on the size of the nPL, whereas DLS indicated a doubling of the 

CMC-nZVI size.  While slight aggregation may have occurred in media C and D for the CMC-

nZVI, the addition of sodium pyruvate and L-glutamine did not appear to influence the measured 

sizes of the nPL. 

The addition of 0.1% BSA (medium E) had little effect on particle sizes or EPM values 

with respect to the control (medium B), however when the BSA proportion was increased to 10% 

(medium F), a significant increase of ENP size was observed for both the CMC-nZVI (300% 

increase) and the nPL (1700% increase).  These results strongly suggested that the albumin could 

adsorb on the surface of the carboxylated ENPs and promote particle heteroaggregation, as 

observed with the relatively uncoated ENPs (nAu and nZVI).  As above, CMC-nZVI and nPL 

aggregated significantly in complex cell culture media (media J and L) whereas all media 

supplemented with serum (media G, H, K and M) showed significant colloidal stability when 

compared to their respective controls. 

 

3.3. Characterization of polymer-embedded ENPs in aqueous suspensions and effect of media 

composition on particle stability 

The addition of polymers to colloidal suspensions has been found to greatly improve their 

stability [17, 19, 33].  Based on the information provided by the nSiO2 and QD suppliers, the 

polymers used in manufacturing these particles were of relatively high molecular weight and 
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physically adsorbed at the surface of the ENP.  Indeed, particle sizes obtained by DLS in the low 

I media were only slightly larger than sizes reported by the manufacturer, indicating stable 

suspensions of individual nSiO2 and QD particles.   

The effects of the different cell culture constituents were fairly consistent with the results 

obtained for the other ENPs.  The presence of even low concentrations of BSA promoted 

aggregation of these ENPs (media E and F) whereas FBS was again observed to stabilize the 

colloidal suspensions (media G, H, K and M).  Unlike the CMC-nZVI and nPL, the polymer-

embedded ENPs were stable even when added to the serum-free culture media (J, L).   

 

3.4. Characterization of ENPs in aqueous suspensions by complementary techniques  

The use of DLS has been often criticized since the scattering intensity of the particles (roughly 

proportional to d6) skews the interpretation of particle size towards larger particles in the analysis 

of polydisperse colloidal systems.  In FCS, the signal scales with d4 [27] resulting in an analytical 

signal that is less affected than DLS by the presence of particle aggregates [25].  TEM, although 

extremely labour intensive, can provide an improved estimate of number mean diameters, if care 

is taken to ensure that no artefacts are introduced by the sample preparation procedure [34].  The 

diameters obtained by FCS (Table 2) for the nSiO2, nPL and CMC-nZVI particles were 

comparable to those measured by DLS.  Also, the FCS-determined nAu and nZVI diameters were 

close to their nominal sizes (10 nm for nAu and 77 nm for nZVI).  Measurements in media E and 

F (data not shown) resulted in sizes of ~ 5-6 nm, corresponding to the size of albumin [35] which 

was in very high proportion in comparison with the ENPs (Figure 1). 

[TABLE 2 HERE]  
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As a complementary characterization tool, TEM was employed to image two ENPs (nAu, QD) 

(Figure 3).  In PBS (Figure 3i and 3iii), observed particle sizes (38 ± 15 nm for QD and 16 ± 4 

nm for the nAu) (Table 2) were slightly greater than the nominal particle sizes reported by the 

manufacturers (10 nm in each case).  DLS results suggested that serum proteins were interacting 

with the ENP surface and promoting particle stabilization, however these results did not provide 

information regarding the structure of such protein-stabilized colloids.  The mean size of the QD 

doubled to 65 ± 18 nm in the presence of FBS (Figure 3ii) but no particle clusters were observed, 

thus suggesting adsorption of serum proteins at the QD surface and thereby confirming the DLS 

observations.  From the TEM image (Figure 3iv), the nAu (black arrows) appeared to not be 

embedded in clusters of proteins, yielding a mean diameter of 11 ± 2 nm for nAu in FBS-

supplemented PBS.   

Thus, while there is clear (DLS) evidence for the aggregation of the ENPs in the presence 

of salts (e.g., PBS), or medium constituents (e.g. sodium pyruvate, L-glutamine) (Figure 1), a 

substantial number of particles was non-aggregated, which demonstrates a major advantage of 

using several characterization tools when attempting to understand ENP properties and interactions 

with proteins.   

[FIGURE 3 HERE] 

 

3. Discussion 

The main objective of this study was to examine the impact of cell culture media 

constituents and supplements on ENP stability, by increasing the complexity of the medium 

composition, starting from simple (ions) to complete cell culture media.  Understanding the roles 
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of the surface coating on the interactions between ENPs and culture media constituents might help 

to better understand cytotoxicity results and mechanisms.  Theoretically, anionic functional groups 

on the particle surface should reduce the interaction of ENPs with negatively charged media 

components such as proteins.  But at high salt concentrations, bridging between the proteins and 

the surface of the ENPs might occur [15, 18, 36].  Earlier studies conducted with nanoparticles 

stabilized with polymers or polyelectrolytes [17, 37-39] have reported an important electrostatic 

repulsion between the coated ENPs.  Comparisons between these studies suggested that when the 

particle surface coating was complex, repulsive forces are involved, resulting in decreased 

interactions between the modified particles and the suspended molecules in the culture medium.  

 Comparison of the particle diameters in media A and B showed either a small increase in 

diameter with increasing I or negligible effects.  Negative EPMs were generally lower at higher 

salt concentrations.  Such a result is in qualitative agreement with classical colloid theory in which 

the particle Debye layer is compressed due to the screening of the particle charge.  Similar results 

have been found recently for nTiO2 [40, 41], nZVI and CMC-nZVI [24] and for iron oxide 

nanoparticles following their incubation for 24 hr in PBS [42].   

Analysis of the effect of sodium pyruvate and L-glutamine revealed that these culture 

media components had a moderate impact on ENP stability, except for nAu, where an increase in 

aggregation was observed.  Since the nAu stock suspension was stabilized using sodium citrate 

[31], the addition of molecules with similar size and functionality (Figure S1) would be expected 

to have comparable effects.  The observed decrease in particle stabilization is attributed to the fact 

that sodium pyruvate and L-glutamine have a lower charge density than citrate and are thus 

expected to be less effective at stabilizing the gold nanoparticles.  Since the nitrogen atoms present 

in L-glutamine may interact more strongly with gold than the carbon atoms present in citrate [31], 
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it is possible that L-glutamine might be able to outcompete the citrate, leading to a decrease in 

particle stability.  Accordingly, a 5-fold increase in the diameter of nAu was observed following 

the addition of L-glutamine as compared to PBS alone (Figure 1ii). 

In the case of the proteins, the results indicated that the BSA and FBS were strongly 

adsorbed to the ENPs.  In the presence of BSA, particle aggregation may have been a direct 

consequence of the decrease in EPM, leading to lessened electrostatic repulsion between the 

nanoparticles.  Interaction between BSA and ENPs could also increase the likelihood of protein 

corona formation around the ENPs or ENP entrapment, potentially leading to the aggregate 

formation reported for all particles that were tested (with the exception of the nZVI).  Casals et al. 

[43] also showed an increase in nAu size with the addition of BSA.  Buford et al. [36] reported the 

presence of large aggregates of C60 particles when comparing suspensions prepared in PBS and 

BSA-supplemented PBS, though in some cases, BSA seemed to stabilize the C60 fullerene 

suspensions.  Similar studies have demonstrated a stabilizing effect of human serum albumin for 

both C60 [44] and nTiO2 suspensions [15].  While these latter reports showed an opposite effect to 

what was observed here; it should be noted that in many studies [15, 16, 36, 43, 44], albumin-

supplemented ENP suspensions were either sonicated and analyzed immediately after preparation 

or mechanically-shaken for several hours followed by the analysis.  The results reported here were 

for ENPs equilibrated for 24 hrs in the target solution.  Finally, it should be noted that although 

albumin was the main serum component, there are over 3700 other proteins in serum that could 

potentially interact with the ENPs [45].   

The decrease in size upon addition of FBS suggests that serum proteins other than albumin 

have a stabilizing effect on the ENP.  Other studies have demonstrated that high affinity and 

slower-exchanging proteins replace albumin and adsorb at the surface of copolymer particles [20, 
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46].  This phenomenon might be occurring in this study.  As a result, the assessed ENP sizes were 

smaller in the presence of FBS than observed for particles exposed to albumin (BSA) alone.  The 

addition of serum proteins has been shown to disaggregate ENPs and to stabilize the nanoparticles 

[15, 16, 33, 36, 42, 43, 47, 48].  In agreement with our findings, Petri-Fink et al. [37] observed 

increased colloidal stability of polymer-coated superparamagnetic iron oxide nanoparticles in the 

presence of FBS and Jiang et al. [16] showed that other proteins present in serum could play a role 

in nTiO2 dispersion in cell culture media.   

For the most part, hydrodynamic diameters were larger in the DMEM and F-12K 

suspensions than for measurements made at low I (Figure 1).  Previous studies also showed an 

increase in particle size for iron oxide nanoparticle suspensions [17, 42] when the background 

solution was changed from DI water to cell culture medium.  Dutta et al. [49] also showed greater 

aggregation of amorphous silica nanoparticles when they were suspended in normal growth 

medium as compared with water. 

One hypothesis of this study was that ENPs with more complex surface modification would 

exhibit less interaction with medium components.  Indeed, the carboxyl-functionalized ENPs 

(CMC-nZVI and nPL) were less affected by the medium components than the non-stabilized 

particles (nAu and bare nZVI), and the polymer-embedded ENPs (nSiO2 and QDs) appeared to 

have the least interaction with medium components of all the ENP studied.  Finally, while several 

general trends were noted here, it was clear that predictions of colloidal stability in complex media 

are still likely to be difficult and that particle characterization, specific to a given set of 

experimental conditions, is likely to be the best manner to obtain a mechanistic understanding of 

future cytotoxicity studies. 
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4. Conclusions 
 

Physicochemical characteristics (size and EPM) for a selected set of ENPs were assessed in the 

presence of selected cell culture media components.  Our results show that each examined ENP 

had a specific affinity for media constituents or supplements, making the generalization of their 

behavior in cell culture media difficult.  For example, two ENPs with comparable nominal size 

(i.e. QD and nAu) did not exhibit the same colloidal stability when suspended with inorganic salt 

or in the presence of cell media constituents (L-glutamine or sodium pyruvate).  Nevertheless, 

some general trends can be inferred from the current study.  Albumin – the major protein found in 

serum – did not seem to have a stabilizing effect on any of the ENPs studied here.  This study 

shows that possible ENP cytotoxicity cannot be predicted without knowing the influence of cell 

culture media and serum components on the nanoparticle stability.  By categorizing the selected 

ENPs by level of surface modification, it was shown that the type of ENP surface (non-coated, 

carboxyl-functionalized, or polymer-embedded) played a significant role in colloidal stability: the 

complexity of interactions between the ENPs and the medium components generally decreased 

with increasing complexity of the particle surface.  Careful evaluation of the interfacial interactions 

via a systematic approach will be necessary in order to thoroughly understand the fundamentals of 

ENP cytotoxicity.   
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