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Amino groups presented on the surface of nanoparticles are well-known to be a predominant factor in 

the formation of the protein corona and subsequent cellular uptake.  However, the molecular 

mechanism underpinning this relationship is poorly defined. This study investigated how amine type 

and density affect the protein corona and cellular association of gold nanoparticles with cells in vitro. 

Four specific poly(vinyl alcohol-co-N-vinylamine) co-polymers were synthesized containing primary, 

secondary or tertiary amines. Particle cellular association (i.e. cellular uptake and surface adsorption), 

as well as protein corona composition, was then investigated. It was found that the protein corona (as a 

consequence of “amine bulkiness”) and amine density were both important in dictating cellular 

association. By evaluating the nanoparticle surface chemistry and the protein fingerprint, we could 

identify proteins that were significant in mediating particle-cell association. In particular, primary 

amines, when exposed on the polymer side chain, are strongly correlated with the presence of alpha-2-

HS-glycoprotein, and promoted nanoparticle cellular association. 

 

1. Introduction 

Investigations into the interaction of nanoparticles (NPs) with biological systems have generally 

centered around the structure-function relationships between a NP's physico-chemical properties 

and the effect of NPs on cells, or organisms. Biocompatible polymers are normally used to impart 

colloidal stability in biological media, attach targeting moieties, and increase circulation time 

following systemic administration. However, the chemical nature of these polymers affects the NPs' 

interaction with the biological environment by mediating the adsorption of proteins onto the NP 

surface, which influences cellular uptake. Many studies have investigated the role of NP size and 

shape towards cellular interaction.[1–3] Additionally, surface chemistry (e.g. surface charge) is known 

to strongly influence NP-cell association as well as the NP-protein interaction.[4,5] While the 
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molecular mechanisms behind these observations is unclear, it is widely accepted that a net positive 

NP surface charge, mostly due to the presence of amino groups, is positively correlated with cellular 

uptake.[4,6,7] The greater cellular association of cationic NPs, compared to neutral or anionic ones, is 

generally explained as originating from Coulombic attraction of the NP to the negatively charged cell 

membrane. However, once NPs are incubated in cellular media, adsorbed serum proteins will 

dramatically alter the zeta (ζ)-potential regardless of the initial inherent material surface charge.[4] 

Nevertheless, NPs coated with amino groups are still observed to associate stronger with cells in 

vitro. In one study, Townson et al.[8] compared the cellular uptake of NPs carrying amine groups 

either directly exposed to serum proteins or shielded by poly(ethylene glycol) (PEG). They concluded 

that the accessibility of the amino group  to serum proteins correlates more strongly with cellular 

uptake than the measured surface charge. However, the role of the amine type (i.e. primary (-NH2), 

secondary (-NH(R)), or tertiary (-N(R)2)) is unclear, particularly as polyethylenimine (PEI) was used 

which carries a mixture of primary, secondary and tertiary amines. In addition, the impact of the 

amine type, and accessibility, on the final protein corona is not known. 

 In a comprehensive study, Walkey and co-workers[9] investigated the impact of 105 different 

surface chemistries on the final NPs biological identity, i.e. their protein corona and cellular 

association. They showed that the protein corona fingerprint could predict cellular association with 

50% more accuracy than models considering the size, aggregation state and surface charge. More 

recently, Treuel et al.[10] examined the literature and found that local surface charge variations, 

rather than the overall charge carried by the NP, better described the formed protein corona . 

However, there are few systematic studies investigating the nature of this relationship between 

molecularly-induced surface charge and protein corona formation. It therefore remains challenging 
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to determine what, if any, principal component is responsible for NP cellular uptake – that is, does 

amine type, density, or location (i.e. pendant versus chain end) dictate protein adsorption and 

particle uptake. Furthermore, can these interconnected effects be decoupled?[11] 

 In this work, we investigated the effect of amine type, density, and location on the cellular 

association of gold NPs with two cell lines, as well as the protein corona composition. To do this, four 

variations of poly(vinyl alcohol) (PVA) were synthesized with primary, secondary, or tertiary amino 

groups replacing the hydroxyl side chain groups, as well as one sample with a single terminal primary 

amino group (Figure 1). The polymers and NPs were extensively characterization both in simple and 

complex solvents via a range of techniques. While it was not possible to solely isolate amine type 

from amine density, our results provide evidence for the theory that accessibility of amino groups 

(i.e. “amine bulkiness”) is more important than average surface charge for both the composition of 

the protein corona and the resulting cellular association. 
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Figure 1. Schematic showing the polymers synthesis and the subsequent nanoparticles 

functionalization. 

2. Results 

2.1. Polymer Synthesis and Characterization 

Taking inspiration from our previous work,[12,13] we used reversible addition-fragmentation chain 

transfer (RAFT) to co-polymerize vinyl acetate, N-vinylacetamide and N-methyl-vinylacetamide in 

order to obtain poly(vinyl acetate) with randomly placed primary (i.e. acetamide) and secondary (i.e. 

methyl acetamide) amine precursors, respectively (Figure 1). 
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Figure 2. 1H-NMR spectrum of (A) poly(vinylacetate-co-N-vinylacetamide), V, (B) hydrolyzed 

thiolated poly(vinyl alcohol-co-N-vinylamine), VII, (C) poly(vinylacetate-co-N-methyl-vinylacetamide), 

VII and (D) hydrolyzed thiolated poly(vinyl alcohol-co-N-di-methyl-vinylamine), X. Signals used to 

calculate the molecular weight and the number of amines are illustrated, corresponding with the 

chemical structure shown. 

 

 Figure 2 shows 1H NMR spectra for precursor species V-VIII and their final analogues VII-X. 

These data were used to determine polymer number-average molecular weight (Mn) as well as the 

amine content by integrating the methylene chain-end signal of the chain transfer agent (CTA) 

respective to the polymer backbone. Gel permeation chromatography (GPC) was used as a 

complementary method to verify the molecular weight distribution, as well as dispersity (Table S2). 

Moreover, 2D 13C-1H NMR coupled with a colorimetric assay in which PVA forms a characteristic 

complex with a mixture of boric acid and KI/I2 provided a means to measure the number of amine 
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groups on NPs surface.[14] Table 1 shows the number of hydroxyl and amine groups on the polymer 

backbone, as well as the molecular weight after the hydrolysis step. 

 

Table 1. Polymer coating characterization 

Polymer 

Abbreviation 

Coating Polymers -OH Groups Amine 

Groups 

Mn 
a)

 [Da] 

Primary Pendant VII, NH2 

(backbone) 

64 9 3,300 

Primary Chain End III, NH2 (chain 

end) 

116 1 5,200 

Secondary Pendant IX, NH(Me) 

(backbone) 

36 7 2,100 

Tertiary Pendant X, N(Me)2 

(backbone) 

36 6 2,200 

a)after hydrolysis 

 

 A fourth chemical entity (III) was also investigated using an N-terminal primary amine carried 

by the RAFT chain transfer agent.[15] This experiment was performed as a control in order to test the 

location of the amine, i.e. chain-end vs side-chain. The results of the polymer characterization are 

listed in Table 1. 

 Figure 3A, B shows the TEM and size distribution of the gold NPs, with a core diameter of 26 

± 3 nm measured. Figures 3C and S1 show the colloidal stability as assessed with UV-Vis and DDLS, 

and measured ζ-potential (Table 2) after 24 h exposure in RPMI media supplemented with 10% fetal 
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bovine serum (FBS) at a concentration of 40 μg Au/mL. The UV-Vis and DDLS data showed no 

characteristics of NP aggregation, and the characterization data is summarized in Table 2. 

 The polymer grafting density listed in Table 2 was assessed by characteristic colorimetric UV-

Vis complexometry of PVA with boric acid and KI/I2.This enabled the calculation of the amine density 

given the known average number of amines per polymer chain as determined by NMR (Figure 2). 

Table 2 also lists the ζ-potential of the coated NPs in PBS, which ranged from neutral to negative 

depending on the adsorbed polymer. After incubation in supplemented media, all NPs were slightly 

negatively charged with magnitudes that can be considered similar given the complex scattering 

environment and lower accuracy of the measurement for ζ-potentials close to 0 mV. Additionally, 

the hydrodynamic diameters (dH), measured via DDLS, were similar. 

 

Table 2. Nanoparticle characterization 

  ζ-potential [mV ± SD]  

NPs Amine 

Density 

[amines/nm
2

] 

PBS
a)

 Supp. RPMI-

1640
a)

 

dH 
b)

 [nm ± 

SD] 

Primary 

Pendant 

99 0 ± 5 -3 ± 7 45 ± 12 

Primary Chain 

End 

4 -3 ±  1 -14 ± 7 54 ± 11 

Secondary 

Pendant 

38 -29 ± 8 -14 ± 2 54 ± 14 

Tertiary 19 -30 ± 7 -9 ± 2 57 ± 14 
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Pendant 

Citrate 0 -45 ± 5 n.m.
c)

 25 ± 5
d)

 

 

a)pH 7.3; b)measured in complete RPMI-1640; c)not measurable due to aggregation; d) measured in 

Milli-Q water 

 

2.2. Quantification of cell-associated NPs 

A549 human lung epithelial and J774A.1 murine monocyte/macrophage cells lines were exposed to 

Au NPs with the four different surface chemistries and cellular association was measured using ICP-

OES. Figure 4A shows the number of NPs taken up per seeded A549 cell. Hereafter, for brevity, we 

consider the term uptake to refer to both endocytosed NPs and those adsorbed to the cell 

membrane. NPs coated with PVA with primary amines on the polymer backbone were significantly 

taken up compared to secondary or tertiary amines on the PVA backbone. Similar levels of cellular 

association were found for NPs coated with PVA bearing secondary or tertiary amino side-groups. 

 NP cytotoxicity was evaluated with resazurin and lactate dehydrogenase assays to ensure 

NP-induced toxicity, or alterations in metabolic activity, did not influence the cellular uptake studies. 

As shown in Figure S2, we found that 40 μg Au/mL seemed to be at the upper viable concentration 

limit, as cell viability was at approximately 85% for all particles coated with polymers bearing 

pendant-amino groups for the J774A.1 cells (Figure S3). This level of toxicity is likely due to the 

immense NP uptake and membrane disruption due to the high number of amino groups attached to 

the NP. For the A549 cells, only the pendant primary amino NPs showed significant toxicity which 

could again be attributed to the high level of cell uptake perturbing cellular function. In fact, only 
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pendant primary amine NPs uptake by A549 cells was on the same order of magnitude as all 

pendant amine NPs uptake by J774A.1 cells. 

 

2.3. Serum Protein Adsorption on Nanoparticle Surface 

Cellular association is strongly dependent on the surface chemistry of the NP. However, the initial 

chemical identity provided by the different amine types evolves into a so-called biological identity 

upon adsorption of proteins. Figure 4C shows the relative amount (percentage) of four major 

proteins out of 240 measured that were adsorbed onto the different particle surfaces (172 without 

contamination from e.g. keratins or uncharacterized proteins) after 24 h incubation in supplemented 

media. Proteins were separated using SDS page electrophoresis and identified by an LC-MS/MS. We 

specifically investigated serum albumin, alpha-2-SH-Glycoprotein, hemoglobin subunit alpha, and 

hemoglobin fetal subunit beta because the inter-particle differences in protein adsorption between 

this cluster of proteins was greatest. Figure 4C shows that of these four major proteins, serum 

albumin and alpha-2-HS-glycoprotein were found to associate more with the NPs coated with 

primary amino groups than those coated by secondary or tertiary amines. The opposite trends can 

be seen for hemoglobin fetal subunit alpha and beta. 

 

3. Discussion 

3.1 Polymer characterization 
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The RAFT copolymerization of vinyl acetate and N-vinyl amine derivatives is known to run with 

limited molecular weight control,[16] however, it can be used to synthesize polymers with thiolated 

end groups. These are ideal for grafting to the surface of gold nanoparticles given the near-covalent 

strength of the gold-thiol bond.[17] Additionally, the variations in molecular weight between the 

amine-functionalized PVA polymers was very small compared with the typical size-dependent effects 

of cell penetration by cationic polymers.[18] 

 The molecular weights of the polymers determined by 1H-NMR, as shown in Figure 2A and C, 

and by GPC, as shown in the Supporting Information, are in good agreement. For the determination 

by NMR, the ratio of the methylene signal of the ethyl ester located at the beginning of each 

polymer chain at 4.1 ppm and the signal of the repeat units at 4.9 ppm were used (Figure 2A and 2C 

V, VIII). Additionally, the number of amine groups for VII was determined by comparing the two 

backbone repeat unit signals at 4.0 ppm and 3.6 ppm (Figure 2B  VIII).[19] Regarding VIII, the same 

methylene signal (4.1 ppm) was employed as a side chain reference and compared to the methyl 

signal of the protected secondary amine group at 2.8 ppm (Figure 2C VIII). 

 MALDI-ToF/MS was also used to verify the synthesis of copolymers V and VIII (Figure S5). 

Both species were mono-isotopically resolved and fit with the calculated structures. Nevertheless, V 

required an aminolysis step to be detected and the oxidative form of the free end sulfur atom (i.e. 

sulfonate), most probably caused by the high laser power during the measurement itself, flew with 

sodium as a counter ion. These two entities subsequently underwent a two-step hydrolysis (basic 

and acidic) to obtain the final free alcohol, as well as the desired amines. However, directly obtaining 

a tertiary amine is synthetically not possible. Therefore, the secondary amine copolymer (IX) was 
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methylated using formaldehyde to form an iminium intermediate which was then reduced using a 

borane dimethylamine complex to obtain a tertiary amine X.[20–22]  

 

3.2 Nanoparticle characterization 

Prior to adsorbing the polymers, the sodium-citrate coated gold nanoparticles had a core diameter 

of 26 ± 3 nm as measured by TEM, 29 nm by UV-Vis,[23] and a hydrodynamic diameter of 25 ± 5 nm as 

measured by intensity-weighted DDLS.[24] While traditionally the hydrodynamic diameter is greater 

than the core diameter measured via TEM, it is important to note that the particles here are 

uncoated with polymer and the excess sodium citrate in solution compresses the electrostatic 

double-layer to ca. 1-2 nm, leading to an excellent agreement between the TEM and DDLS 

measurements within experimental error. The four end-thiolated polymers were then attached to 

the gold nanoparticles by ligand exchange under basic conditions to avoid aggregation due to 

electrostatic interactions between the amino groups and the citrate molecules. The average quantity 

of adsorbed polymer was measured using a colorimetric PVA-complexation assay, combined with 2D 

13C-1H NMR spectra, of the remaining PVA in the supernatant after separating the nanoparticles via 

centrifugation (described further in Supplementary Information). This allowed us to define the 

average number of amines present on each nanoparticle, expressed as an amine density. 

 After the nanoparticles were coated with polymer and dispersed in PBS at pH 7.3, their ζ-

potentials were measured. As expected for PVA coated nanoparticles, the ζ-potential ranged from 

neutral to negative depending on the adsorbed polymer.[12,25,26] We posit that there was no net 

positive charge due to the under representation of amino groups relative to hydroxyl groups on the 
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chain backbone. Moreover, residual citrate could also be responsible for the negative ζ-potential 

values. 

 Upon incubation of the four nanoparticle samples for 24 h in supplemented cell culture 

media the ζ-potentials measured were similar, highlighting the charge shielding effect of protein 

adsorption. From the electrostatic argument outlined earlier, i.e. that positive nanoparticles interact 

stronger with negative cell membranes, all four samples are now similarly charged and should 

therefore be associated similarly with the cells in vitro. However, this is not the case as shown in 

Figure 4. 

 As outlined by various reports,[4,27,28] and recently highlighted as a major challenge for 

investigations of the nanoparticle-cell interaction,[29] the aggregation, diffusion, and sedimentation 

of nanoparticles in vitro are crucial parameters to ensure observations are reproducible. Here, we 

used DDLS to extract the hydrodynamic diameters, and thus assess the colloidal stability, of the 

coated gold nanoparticles in cell culture media.[24] As shown in Figure 3A, the nanoparticles are 

colloidally stable with only slight changes in their diameter as well as a slight red-shift in the UV-Vis 

spectra due to protein adsorption to the surface of the plasmonic nanoparticles. However, the 

nanoparticles coated with the Primary Chain End polymer had a slightly higher extinction in the 

range 650-900 nm. This could be due to the formation of a small number of dimers or trimers, 

however, the lack of any significant change in the hydrodynamic radius from DDLS indicates that the 

fraction of higher order structures is very small. 
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Figure 3. (A) TEM micrograph of citrate-Au NPs. (B) Histogram showing Au NPs core diameter 

measured via TEM image analysis. Solid black line shows a normal density curve. (C) UV-Vis 

spectroscopy was utilized to evaluate NP colloidal stability after incubation for 24 hr in RPMI-1640 

cell culture media supplemented with 10% fetal bovine serum. 
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 From the results described above, we assert that the four PVA-coated gold nanoparticle 

samples possess very similar diameters, and therefore sedimentation and diffusion coefficients, as 

well as similar ζ-potentials. The relevant differences are then the quantity and type of polymer 

coating. 

 

3.3 Nanoparticle-cell association 

The A549 human lung epithelial and J774A.1 mouse monocyte macrophage cell lines were chosen 

for this study because they are frequently used as cell models to investigate nanoparticle uptake, 

and to encourage comparisons with current literature.[30,31] Of these, the macrophages are known to 

be highly endocytotic with very rapid uptake of large quantities of nanomaterials and particle, 

sometimes even irrespective of small changes in particle size or shape.[3] This likely explains the 

similarity in measured uptake of the three polymer-functionalized nanoparticles with pendant amino 

groups (Figure 4). 

 Contrary to the J774A.1 cells, A549 cells associated with nanoparticles coated with 

secondary and tertiary amines far less than those coated with primary ones. Figure 4A shows that 

primary amino groups increased the NP-cell association by around one order of magnitude. In 

addition, there was very little difference observed between the secondary and tertiary amino 

groups. We attribute these observations to the effective ‘bulkiness’ of the amines, which includes 

their ability to form salt bridges, their hydrophobicity, and their effect on the conformation of the 

PVA coating, which alters the adsorbed protein corona. We discuss this in the following subsection. 
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 There is one parameter which is not conserved across samples, and needs discussion, which 

is the relative amine density. As apparent from Table 2, the amine density is non-linearly related to 

the cellular association. Given the known molecular weight-dependent, PEG-like “stealth” behavior 

of PVA, the sample with a single terminal primary amino group (which also has the highest molecular 

weight) likely behaves similarly to a stealth polymer coating resulting in very little interaction with 

the cells.[32,33] This may also be due to a greater chance of the single amino group being buried within 

the 116 hydroxyl-containing monomers. 

 The remaining three samples bearing pendant amino groups also differ in the calculated 

amine densities. However, the tertiary and primary amine densities in this study are 37 and 175 

times above the saturation levels observed for aminated-dextran coated iron oxide nanoparticles 

when incubated with T cells, i.e. the amount of amine groups above which no greater increase in cell 

uptake was observed.[34] Therefore, this suggests that the observed differences in this study are 

more likely due to the type of amine, rather than the quantity, for those nanoparticles coated with 

multi-amine containing PVA. In addition, the ratio of amine to hydroxyl groups is nearly identical for 

all three samples. Nevertheless, further studies are needed to ascertain the validity and range of 

these assumptions, and we do not rule out the possibility that the different densities affect a 

secondary parameter, such as polymer conformation or internal hydrogen bonding within the PVA 

chains. 

 

3.4 Nanoparticle-protein interactions 
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We investigated the total adsorption of proteins onto the different NPs via LC-MS/MS. Specifically, 

we focused on serum albumin, alpha-2-SH-Glycoprotein, hemoglobin subunit alpha, and hemoglobin 

fetal subunit beta because this cluster of proteins is the most abundant on all the NPs' surface and 

was similarly highlighted by Clements and co-workers,[35] who investigated the protein adsorption on 

alcohol (-OH) and primary amine (-NH2) moieties on silica NPs. More closely related to our work, 

Sakulkhu et al.[36] probed the protein fingerprint of PVA/PVA-NH2 and found a similar dominant 

protein cluster. Also, these four proteins were found to have the most dramatic in percent 

adsorption between the four polymer types. We found that the relative protein intensities changed 

according to the amine types, and this cluster of four proteins underwent significant changes in 

adsorption between NPs coated with tertiary/secondary or primary amines. Full LC-MS/MS protein 

adsorption data can be found in the Supporting Information. 
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Figure 4. (A) NP uptake by A549 human lung endothelial cells was measured by ICP-OES for the four 

different coatings. Uptake of pendant primary amino particles was an order of magnitude larger 

compared to secondary and tertiary pendant amino particles, and almost two orders of magnitude 

compared to the chain end primary amino. Black squares and error bars represent mean ± standard 

deviation. Filled circles represent individual replicates. (B) Amine surface density for each NP 
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formulation determined via 2D 13C-1H NMR coupled with UV-Vis complexometry of PVA with boric 

acid and KI/I2. (C) Protein adsorption on the NP was determined via LC-MS/MS. Four relevant 

proteins were examined due to the significant changes in their adsorption amount – serum albumin, 

alpha-2-HS-glycoprotein, hemoglobin subunit alpha, hemoglobin fetal subunit beta. Full protein 

adsorption characterization can be found in the Supporting Information. 

 

 Interestingly, protein adsorption was more closely related to the amino type, irrespective of 

amine density. For example, the relative adsorption of serum albumin increases with primary amino 

groups which are either terminal or pendant. This result is striking because of the drastic difference 

in amine number and location on the polymer. The same trend was observed with alpha-2-HS-

glycoprotein, where primary amino groups (terminal and pendant) led to an increase in adsorption 

compared to secondary or tertiary amino groups. Conversely, primary amino groups decreased the 

adsorption of hemoglobin fetal subunit beta and hemoglobin subunit alpha relative to the presence 

of secondary or tertiary amino groups. These findings are interesting because protein adsorption 

profiles are significant for determining the biological fate of NPs and it is apparent that amine 

bulkiness plays a role on the protein corona composition.  

 It was shown, by Walkey et al.,[9] that the ζ-potential predicted cellular association with 

more accuracy than models taking into account the total mass of adsorbed protein, the core 

diameter, the hydrodynamic diameter, or the local dielectric environment. The protein corona 

composition was more accurate again than the ζ-potential. However, we find that ζ-potential cannot 

explain the observed differences in cellular association – it is necessary to consider the protein 

composition. This leads us to postulate again that the amine ‘bulkiness’ alters the adsorbed protein 

composition and thus determines the so-called ‘biological identity’ of the NPs. 
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 Regarding the types of proteins considered here, we hypothesize that serum albumin does 

not enhance NP uptake because it is the most abundant protein in blood and primarily functions as 

an osmotic regulator. Conversely, alpha-2-HS-glycoprotein is known to be involved in endocytosis 

and classified as an opsonin protein.[37–40] It is, however, important to note that one single protein 

does not mediate the observed trends in uptake. Rather, cellular uptake of particles is a complex 

process related to particle physico-chemical properties and the biological phenomena (i.e. protein 

corona composition, protein conformation, protein adsorption kinetics, particle-cell membrane 

interactions, etc.). 

 These data support our hypothesis that one and two bulky methyl groups inhibit the 

interaction between the amines and polar amino acids of serum proteins as speculated by Gessner 

et al.[41] In nature, the methylation of amino acids on histone tails (amine-rich nuclear proteins 

involved in the wrapping and packing of DNA) by S-adenosylmethionine inhibits the self-recognition 

mechanism responsible for the gene transcription.[42] To date there are few reported studies that 

have investigated the role of amine type on cellular uptake. Rather, large systematic studies have 

investigated multiple particle sizes, materials, surface functionalities (e.g. carboxylic acid, amine, 

alcohol) and cell types along with protein corona formation. 

 Lo et al.[43] investigated the cellular uptake of NPs made via the self-assembly of poly(2-

(dimethylamino) ethyl methacrylate) (PDMAEMA), a polymer with side-chain tertiary amines, with 

DNA. Compared to DNA complexes made with linear polyethyleneimine (PEI), a polymer containing 

secondary amines in the polymer backbone, PDMAEMA/DNA NPs were more favorably taken up by 

BNL 1MEA.7R.1 murine liver cells. However, comparison between these studies in literature with our 
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work is difficult due to the very nature of the particles compared:  DNA polyplexes, where the amine 

is integral to DNA complexation, versus surface modified NPs. 

 Previously, Sakulkhu et al.[44] identified proteins associated with the “hard corona” of 

superparamagnetic iron oxide NPs (SPIONs) coated with dextran or PVA, modified with positive, 

neutral, or negatively charged end groups. When comparing between PVA or dextran coated NPs, 

apolipoprotein A-I and alpha-2-HS-glycoprotein were among the proteins identified to significantly 

adsorb onto PVA-coated NPs compared to dextran-coated NPs. A 2015 report by Ritz et al.[45] 

investigated the differences in protein corona formation and cellular uptake (human mesenchymal 

stem cells, hMSC) of polystyrene NPs with different surface functionalities. They showed a reduction 

in uptake of amine and sulfonate functionalized NPs due to the enrichment of apolipoproteins on 

the NPs surface, and that apolipoprotein H was responsible for upregulating NPs uptake by hMSC. A 

robust study by Tenzer et al.[46] investigated the adsorption of proteins onto different silica or 

polystyrene particles. A number of serum proteins prominently adsorbed onto NPs irrespective of 

the surface functionality, e.g. serum albumin, complement C3, apolipoprotein A-I, Ig γ-1 chain C 

region. In these studies, we can learn that the adsorption of human serum protein is dependent on 

the serum type, particle surface, to an extent the time of exposure. Our report has specifically 

emphasis on the type of amines (i.e. the accessibility towards polar amino acids of serum proteins), 

and how this factor mediates  protein corona formation and cellular uptake  which has not been 

assessed before. 
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Figure 5. Schematic illustrating the three inter-connected concepts:  nanoparticle coated with 

primary, secondary, or tertiary amines, the protein corona formed on the particle surface in 

biological media, and the cellular uptake/association of NPs. 

 

4. Conclusion 

In this study, we have investigated the cellular association and protein corona of PVA-coated gold 

nanospheres with either primary, secondary, or tertiary amino groups added as PVA pendant 

groups. We found that methylation of the amines reduced the cellular association with A549 

epithelial cells, although no differences were observed for J774A.1 macrophages. Little difference 

was found between secondary and tertiary amines in terms of cellular association or composition of 

the protein corona. We postulate that the effective ‘bulkiness’ of the amines regulate binding of 
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protein amino acids, causing changes in the adsorbed proteins and consequently the cellular 

association. While this indicates a potentially interesting and new way to modulate the interaction of 

aminated NPs with biological systems, further systematic studies are necessary to control for the 

amine density, polymer properties, and cell types. The robustness of the observed correlations 

should be assessed with respect to different biological environments (i.e. comparing protein coronas 

and endocytosis rates of nanoparticles incubated in FBS supplemented media, human plasma, or 

whole blood) and different cell culture scales (i.e. cell lines in 2D or 3D cultures and primary cells). 

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. Included 

within are the full description of Au NPs synthesis, NP characterization procedures, full 

characterization data and tables, detailed organic synthesis methods, chemical characterization 
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Nanoparticle surfaces drive the interaction of particles with biomolecules and cells. It is widely 

accepted that a net positive NP surface charge, mostly due to the presence of amino groups, is 

positively correlated with cellular uptake. This work investigates the effect of amine bulkiness, 

density, and location on the NP-cell association, as well as the protein corona composition. 
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