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Abstract 

Gold nanoparticles (AuNPs) are attracting more and more attention in life sciences, especially due to 

their versatile physicochemical properties. They are biocompatible, air and water stable and easy to 

synthesize. Yet, the colloidal stability of AuNPs not only in water but also in organic solvents remains 

a decisive factor for their practical usage. This study therefore investigated the influence of different 

polymer coating methods and polymer types using the postsynthetic addition reaction (PAR) and the 

one-pot synthesis with the polymers poly(vinyl alcohol) (PVA), poly(ethylene glycol) (PEG), 

poly(vinylpyrrolidone) (PVP) and poly(acrylic acid) (PAA) each with different molar weight 

averages. Analysis of the AuNP@Polymer conjugates by transmission electron microscopy (TEM) 

finds essentially unchanged gold nanoparticle core sizes of 11-18 or 11-19 nm in water and ethanol, 

respectively. The hydrodynamic diameter from dynamic light scattering (DLS), which also includes 

the polymer shell, lies largely in the range from 20-70 nm and ultraviolet-visible spectroscopy (UV-

Vis) showed gold plasmon resonance band maxima between 517-531 nm over both synthesis 

methods and solvents for most samples. The polymer PVA showed the best colloidal stability in both 

synthesis methods, both in water and after transfer to ethanol, and thus provides the best protection 

for the AuNPs against aggregation. An increased instability in ethanol could only be noted for the 

PEG coated samples apparently due to the less-coordinating ether groups of the polymer. For the 

polymers PVP and PAA the stability depended more specifically on the combination of synthesis 

method, polymer molecular weight and solvent. 

Keywords: gold nanoparticles; nanoparticle synthesis; polymer coating; stability; solvent 

 

1. Introduction 

Gold nanoparticles (AuNPs) are becoming increasingly popular due to their unique physical, 

chemical and optical properties and are being used more and more frequently in medicine [1,2]. The 

synthesis of AuNPs is simple, they are biocompatible, air and water stable, the size and shape are 

easy to vary, they can be formulated with high solubility in water and they can be loaded with drugs 

or antibodies [3–6]. AuNPs exhibit a characteristic surface plasmon resonance (SPR), which typically 

occurs at around 520 nm for AuNPs synthesized with sodium citrate (NaCit) [7]. In colloidal form, 

this results in their reddish color. SPR is sensitive to various physicochemical parameters such as 

particle size, shape, environment, and aggregation state, thereby enabling targeted control of optical 
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properties. The aggregation of AuNPs leads to a shift in SPR and color change from red to blue, which 

can be used as a simple, visual indicator of instability or interactions in the solution [8]. 

Due to their easy modification, they offer an exciting field of application as carrier materials for 

therapeutic or diagnostic agents [9,10]. The targeted control of size, shape, monodispersity and 

surface functionalization of gold nanoparticles (AuNPs) plays a central role in their successful use in 

nanomedicine. Numerous recent studies show that these physicochemical properties significantly 

influence the behavior, efficacy, colloidal stability, and dispersibility of AuNPs in various solvents 

[11]. 

However, a key challenge and an important prerequisite for the use of AuNPs is to ensure that 

they are monodisperse and highly stable, especially when environmental parameters like the solvent 

are changed. For certain biomedical applications, it is necessary for AuNPs to remain well dispersed 

and stable in both water and organic solvents such as ethanol. A loss of stability and the subsequent 

associated aggregation usually leads to a loss of function of the AuNPs [12]. For example, some active 

pharmaceutical ingredients are only soluble in organic solvents and for their loading onto the AuNPs, 

the latter must be stable in the organic medium [13]. The surface-coating of the AuNPs is fundamental 

for the AuNP stability towards variations in solvents, over time or further functionalization [14,15]. 

A non-optimal coating for the given conditions and time leads to reduced colloidal stability of 

the AuNPs, which results in agglomeration and subsequent deterioration of the desired properties of 

the nanoparticles, thus limiting their practical applicability. Therefore, maintaining the colloidal 

stability of AuNPs in aqueous and organic environments is often crucial for their practical use [16]. 

Furthermore, spherical gold nanoparticles should be aimed for as non-spherical particles are more 

prone to agglomeration due to their curvature [17]. A knowledge and comparison of different 

polymer-based stabilization and optimized synthesis methods is crucial to prepare stable AuNPs and 

to avoid unwanted agglomeration with loss of functionality. Albanese et al. showed that aggregated 

AuNPs can exhibit a lower cell uptake than monodisperse AuNPs [18]. Cell uptake also decreases for 

rod-shaped NPs compared to spherical AuNPs. This is because rod-shaped NPs require more time 

to be completely enclosed by the cell membrane [19]. Therefore, various synthesis strategies and 

polymer-based surface coatings have been developed. Polymers such as poly(vinyl alcohol) (PVA), 

poly(ethylene glycol) (PEG), poly(vinylpyrrolidone) (PVP) and poly(acrylic acid) (PAA) act as 

effective steric and electrostatic stabilizers [11]. The use of these polymers represents a promising 

approach for AuNP stabilization, as they form a protective shell around the AuNPs, minimizing 

particle-to-particle interactions and biofouling and increasing resistance to solvent changes [17,20,21]. 

PEG is one of the most commonly used biopolymers for the steric stabilization of AuNPs in 

nanomedicine, which is also termed PEGylation [22,23]. PEG is thought to form a protective barrier 

around the nanoparticles to prevent their agglomeration, increase the biocompatibility of the AuNPs, 

prolong their circulation time in the blood, and to prevent them from being marked by the immune 

system and rapidly degraded [24–27]. According to reports, higher molecular weight PEG (5000 Da) 

coated AuNPs are more stable than lower molecular weight PEG (2000 Da) coated AuNPs in water 

[22].  

In addition to stabilization in water and ethanol, polymer coatings enable targeted control of 

particle size and surface chemistry, which is relevant for other applications such as the deposition 

and the cell uptake of an active ingredient (Figure 1). The active ingredient can be embedded in the 

polymer shell through supramolecular interactions with the polymers, which is advantageous as the 

chemical structure of the active ingredient remains unchanged, thus avoiding unexpected or 

unwanted reactions [11]. 

Through endocytosis, the AuNPs can enter the cell by interacting with the plasma membrane or 

the extracellular matrix. In endocytosis, AuNPs are taken up by invaginations of the cell membrane. 

These invaginations then constrict and form small vesicles that transport the NPs into the cell interior, 

this enables delivery of the active ingredient into a cell. Shan et al. reported that AuNPs ranging in 

size from 4 to 17 nm were endocytosed in cells under native conditions [28,29]. The accumulation of 

AuNPs in tumor tissue occurs via the so-called enhanced permeability and retention (EPR) effect. 
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Tumor vessels have significantly larger and more permeable blood vessels (200 nm to 1.2 µm) than 

normal blood vessels (<10 nm), which means that AuNPs preferentially accumulate in tumor tissue 

[11,30,31], enabling increased drug delivery to tumor tissue without the need for specific target 

ligands. Internal stimuli such as pH changes or external stimuli such as heat or light can trigger and 

additionally enhance the release of the active substance from the AuNP surface [32]. 

 

Figure 1. Schematic illustration of the AuNP synthesis methods and the polymers used for the AuNP@Polymer 

conjugates. 

The aim of this work was to produce gold-polymer conjugates that remain stable after 

exchanging the solvent from water to ethanol. For this purpose, different biocompatible polymers 

with different molar weight averages and functional groups were used. The polymers were applied 

during the formation of the AuNPs in a postsynthetic addition reaction (PAR) and in a one-pot 

reaction to preformed Au-citrate nanoparticles. 

2. Materials and Methods 

2.1. Materials 

Potassium tetrachloridoaurate(III) (KAuCl4), Polyvinyl alcohol (PVA) Mw ⁓ 13 000 g/mol, 

31 000 g/mol, 85 000 g/mol, 146 000 g/mol, Polyethylene glycol (PEG) Mw ⁓ 400 g/mol, 

Polyvinylpyrrolidone (PVP) Mw ⁓ 3500 g/mol, 360 000, Poly(acrylic acid) Mw ⁓ 15 000 g/mol and 

100 000 were ordered from Sigma Aldrich, Darmstadt, Germany. PEG Mw ⁓ 10 000 g/mol, PVP 

Mw ⁓ 8 000 g/mol were from Across Organics, Thermo Fisher Scientific, Schwerte, Germany. PEG 

Mw ⁓ 4000 g/mol was purchased from JK Chemicals, Vapi, India and PVP Mw ⁓ 40 000 g/mol was 

supplied from TCI, Eschborn, Germany. Sodium citrate dihydrate (NaCit) was from J.T. Baker 

Chemicals, Schwerte, Germany. Dasatinib (DASA) was obtained from BLD Pharmatech GmbH, 

Kaiserslautern, Germany. Ethanol with p.a. purity were from Merck, Darmstadt, Germany.  

All materials were commercially available and were used without further purification. 

Ultrapure water obtained from an Arium Mini® system from Sartorius was used for the AuNPs 

synthesis.  
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2.2. Characterization Methods 

Centrifuge: The samples were centrifuge using the Sigma 3-30KHS from Sigma. All centrifugation 

steps were performed at the specified parameters of the relative centrifugal force of 10,464 × g, a time 

of 20 min, at a temperature of 4 °C, where g corresponds to the Earth's gravitational force of 9.81 m/s2. 

The elative centrifugal force (rcf) is expressed as a multiple of the Earth's gravitational force 

measurement for a standardized centrifugation protocol as the force applied to a sample during 

centrifugation. 

Transmission electron microscopy (TEM): TEM images were recorded with a JEOL JEM-2100Plus 

electron microscope at an accelerating voltage of 200 kV with a Matataki Flash camera. The size of 

the AuNPs were measured with a GatanDigital Micrograph software and over 200 particles were 

counted for the size distribution. Each AuNP solution was diluted by adding 20 μL of the AuNP 

sample to either 80 μL of water, for the water samples, or 80 μL of ethanol, for the ethanol samples. 

10 μL of the diluted dispersion was dropped onto a 200 µm carbon-coated copper grid from Electron 

Microscopy Sciences (Munich, Germany). The grid with the solution was dried at ambient conditions 

(~20 °C, ~50% relative humidity) and stored at ambient conditions in closed vials under air until the 

measurement. 

Dynamic light scattering (DLS): Hydrodynamic diameters and the polydispersity index (PDI) 

were recorded with a Malvern Nano S Zetasizer with a HeNe laser at a wavelength of 633 nm.  

Ultraviolet-visible (UV-Vis): UV-Vis spectra were determined on a P9 double beam 

spectrophotometer from VWR.  

High-performance liquid chromatography (HPLC): The DASA concentration before and after 

loading was determined on a Shimadzu LC 20AT instrument with an SPD-M20A UV-Vis detector 

and a Luna C18(2) (250 × 4.60 mm, 5 micron) column from Phenomenex®. The samples were filtered 

through a 0.2 µm Millex filter from Millipore® and all solvents used were degassed with the 

ultrasonic bath (Bandelin Sonorex, Berlin, Germany) before use. The mobile phase consisted of 

methanol-water (82:18, v/v) and had a flow-rate of 1 mL min–1 at room temperature. The detector 

wavelength was set to 322 nm and the injection volume was 20 µL. 

2.3. Synthesis of Polymer Stabilized Gold Nanoparticles (AuNP@Polymer) in Water 

2.3.1. Postsynthetic Addition Reaction 

In a 500 mL Erlenmeyer flask with a glass stopper, a total of 20 mg (52.9 μmol) of KAuCl4 was 

dispersed in 200 mL ultrapure water and heated to 100 °C. 90 mg (350 μmol) of sodium citrate 

dihydrate (NaCit) was then added and the solution was heated to 100 °C for a further 15 minutes. 

During this time, the color solution turns from light yellow to dark red. Finally, the solution was 

cooled to room temperature, 4.3 μmol of polymer was added and stirring continues for 12 h. The DLS 

and UV-Vis measurements were taken directly after the 12 h. The DLS measurements were taken 

without dilution, and for the UV-Vis measurements, the solution was diluted with water in a ratio of 

50:50. The remaining AuNP solutions were stored in the refrigerator at 4 °C in the reaction flask.  

2.3.2. One-Pot Synthesis 

In a 500 mL round bottom flask the amount of 20 mg (52.9 μmol) of KAuCl4 and 4.3 μmol of 

polymer were dissolved in 200 mL of ultrapure water and the solution was heated to 90 °C under 

stirring. At 90 °C, 90 mg (350 μmol) of NaCit was added and the solution was continued to stir for 

30 min. The color changed from light yellow to dark red. The DLS and UV-Vis measurements were 

taken directly after cooling to room temperature and were measured as described in section 2.3.1 

above. The remaining AuNP solutions were stored in the refrigerator at 4 °C in the reaction flask. 

2.4. Transfer of Polymer Stabilized Gold Nanoparticles (AuNP@Polymer) from Water to Ethanol 

From the aqueous dispersion, 5 mL were centrifuged, the supernatant water was separated by 

decantation and discarded and the AuNP@Polymer precipitate was resuspended in 5 mL of ethanol. 
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The DLS and UV-Vis measurements were performed immediately afterwards. The solutions were 

measured in the DLS without dilution and the UV-Vis in a dilution of 50:50 (water:ethanol). The TEM 

grid and AuNP solutions storage were carried out as described above in section 2.3.1. 

2.5. Loading of DASA on the AuNP@Polymer Conjugates 

The AuNP@conjugate samples were transferred from water to ethanol as described in section 

2.4. The 5 mL water or ethanol dispersion contains a gold mass mAu = 0.26 mg. From an ethanolic 

DASA stock solution (stored in refrigerator at 4 °C) with a concentration of 1 g/L, the volume of 

0.8 mL (containing 0.8 mg DASA) was added to the 5 mL of the ethanolic AuNP@Polymer dispersion 

during stirring. The combined 5.8 mL of dispersion was stirred for further 72 h at ambient 

temperature. After 72 h the samples were centrifuged and the supernatants were stored in the 

refrigerator at 4 °C until the HPLC measurement to determine the remaining DASA concentration in 

order to obtain the adsorbed amount on the AuNP@Polymer conjugate from the difference.  

3. Results and Discussion 

3.1. Synthesis and Characterization of the AuNP Samples in Water 

In this work, the ligand exchange reaction and the one-pot synthesis for the preparation of 

spherical AuNPs were investigated. In the two-step ligand exchange reaction the AuNPs are first 

synthesized with citrate (from sodium citrate) which has the dual role of a reductant of the Au(III) 

precursor as well as a stabilizing agent. Then in a second separate step another ligand or stabilizer is 

added to form the desired coating. Using this method, targeted surface modifications can be obtained 

and ligands can be used in the method that would not be suitable under the AuNP synthesis reaction 

conditions. However, a disadvantage of this method can be the incomplete replacement of the 

original citrate ligand layer. It is unclear if the citrate anion coating on the gold surface is indeed 

replaced by neutral polymer chains or rather, if the polymer wraps around the citrate-stabilized 

AuNP particles (AuNP@Cit). For this reason, here in this work we will refer to a PAR for the addition 

of the polymer instead of a ligand-exchange reaction. We note that in the literature the 'postsynthetic 

addition reaction' is referred to as 'ligand exchange reaction'. In the single-step one-pot synthesis the 

polymer is already present in the reaction mixture where the AuNPs are formed. Hence, the polymer 

coating can take place during the nucleation and growth steps. This seems advantageous, but can 

lead to a competition between stabilization and growth resulting in a larger variation of particle size 

[33–35]. 

The PAR consisted of first producing AuNP@Cit with the established Turkevich et al. method 

[36]. For this, KAuCl4 was used as a gold precursor and sodium citrate as a reducing and stabilizing 

agent. Subsequently, the polymer was added to produce polymer-coated AuNPs. In the one-pot 

synthesis the gold precursor (KAuCl4), the reducing agent (NaCit) and the polymer were added to 

the reaction vessel. 

The four following polymers with different molar weight averages were used here to compare 

the stability of the AuNPs: poly(vinyl alcohol) (PVA) with the molar masses (MW) of 13,000; 31,000; 

85,000 and 146,000 g/mol, poly(ethylene glycol) (PEG) in the molar masses of 400; 4,000 and 10,000 

g/mol, poly(vinylpyrrolidone) (PVP) in the molar masses of 3,500; 8,000; 40,000 and 360,000 g/mol 

and poly(acrylic acid) (PAA) in the molar masses of 15,000 and 100,000 g/mol. The polymers with 

their molar masses are in the following designated from PVA13k, PVA146k, over PEG0.4k, PEG10k, 

PVP3.5k, PVP360k to PAA15k and PAA100k. 

For characterization of the AuNP@Polymer conjugates, transmission electron microscopy (TEM) 

provides a direct image of the gold cores of the conjugates with morphology, size, size distribution, 

dispersion or possible agglomeration, but does not visualize the size with the polymer. The TEM 

images of the AuNP@Polymer conjugates in water are shown in Figure 2 (PAR) and Figure 3 (one-

pot), and Figure 4 provides a summarizing overview of the AuNP size. The corresponding size values 

are summarized in Table S1. The TEM images and the histograms in Figure 2 and Figure 3 reveal 
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mostly spherical and monodisperse AuNP cores with an average size in-between 11-18 nm and a 

size-dispersion () of mostly ± 1-2 nm. In the one-pot method, the polymers PVP and PAA15k did 

not result in well-separated, spherical AuNPs, but rather in anisotropic, elongated particles. 

However, with the polymer PAA100k, unusually small AuNPs were obtained in the one-pot method. 

The comparison in Figure 4 illustrates that the one-pot synthesis gives largely a smaller average 

size of AuNPs than the PAR. This may show a stabilizing effect of the polymer when present during 

the nucleation of the AuNP leading to a slower growth rate resulting in the formation of many small 

nuclei rather than a few large particles [37]. However, there is no large difference between the two 

synthesis methods as the average size of the AuNPs lies overall in-between 11-18 nm and when the 

standard deviations are taken into account, the average size overlap. Noteworthy exceptions are 

PVP40k, PVP360k and PAA100k which give significantly smaller AuNPs in the one-pot synthesis. 

With the one-pot route and the polymers PVA, PVP and PAA one can note that there are also 

smaller AuNPs formed with the longest polymer chains (highest molar mass). Polymers with a longer 

chain length increase the viscosity, which reduces the diffusion of the gold ions in the dispersion and 

this also slows down the growth rate which leads to smaller particles. 

The gold core size dispersion for the two synthesis methods is also similar for PVA and PEG. 

Yet, with the polymers PVP and PAA the size dispersion increases for the one-pot over the PAR 

synthesis. Interestingly, with PVP and PAA the one-pot synthesis also produced non-spherical 

AuNPs which are considered disadvantageous as non-spherical particles are usually less stable. It is 

evident that the polymer functional groups, the chain length and mode of addition play a crucial role 

in determining the AuNP size, size dispersion and morphology.  

For the synthesis of spherical AuNPs in water with sizes between 11-18 nm and with small size 

dispersion the PAR method could successfully be used with all polymers and chain lengths. The one-

pot method, on the other hand, only leads to the formation of spherical particles independent of chain 

lengths for the polymers PVA and PEG but not with PVP and PAA. 
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Figure 2. TEM images and histograms (with the average size and its standard deviation given) of the PAR 

synthesis in water of (a) AuNP@PVA13k (size = 18 ± 2 nm), (b) AuNP@PVA31k (18 ± 2 nm), (c) AuNP@PVA85k 

(14 ± 1 nm), (d) AuNP@PVA146k (17 ± 2 nm), (e) AuNP@PEG0.4k (13 ± 1 nm), (f) AuNP@PEG4k (17 ± 2 nm), (g) 

AuNP@PEG10k (18 ± 2 nm), (h) AuNP@PVP3.5k (18 ± 1 nm), (i) AuNP@PVP8k (18 ± 1 nm), (j) AuNP@PVP40k 

(18 ± 1 nm), (k) AuNP@PVP360k (16 ± 2 nm), (l) AuNP@PAA15k (14 ± 2 nm) and (m) AuNP@PAA100k (17 ± 1 

nm). For the histograms 200 particles were analyzed using larger areas of the TEM images.  
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Figure 3. Representative TEM images and histograms (with the average size and its standard deviation given) 

of the one-pot synthesis in water of (a) AuNP@PVA13k (15 ± 2 nm), (b) AuNP@PVA31k (14 ± 2 nm), (c) 

AuNP@PVA85k (17 ± 2 nm), (d) AuNP@PVA146k (12 ± 3 nm), (e) AuNP@PEG0.4k (12 ± 2 nm), (f) 

AuNP@PEG4000 (15 ± 1 nm), (g) AuNP@PEG10k (14 ± 1 nm), (h) AuNP@PVP3.5k (15 ± 2 nm), (i) AuNP@PVP8k 

(14 ± 2 nm), (j) AuNP@PVP40k (6 ± 2 nm), (k) AuNP@PVP360k (8 ± 4 nm), (l) AuNP@PAA15k (11 ± 4 nm) and 

(m) AuNP@PAA100k (2 ± 1 nm). For the histograms 200 particles were analyzed using larger areas of the TEM 

images.  
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Figure 4. Overview of the TEM-derived AuNP core size and their standard deviation of the conjugates in water: 

(a) AuNP@PVA, (b) AuNP@PEG, (c) AuNP@PVP and (d) AuNP@PAA in water (fully colored bar PAR; hatched 

bar one-pot). 

Direct and rapid size control of the dispersions is essential and TEM measurements are time 

consuming and require expensive instrumentation Consequently the samples were analyzed using 

dynamic light scattering (DLS). The DLS gives the hydrodynamic diameter (Dh) and the 

polydispersity of the AuNPs, taking into account the polymer coating and the solvate shell due to the 

solvent, both of which cannot be determined by TEM. Due to the polymer and solvent shell, the DLS 

data generally show larger size values than the TEM data [38]. For the AuNP@Polymer conjugates 

the hydrodynamic diameters from DLS have typically increased to 20-70 nm compared to gold core 

diameters of 11-18 nm (in water) from TEM (Table S1 and S2). From DLS the heterogeneity of the 

sample is given by the polydispersity index (PDI) which is a dimensionless parameter for the width 

of the particle size distribution in a sample. It is derived from the analysis of the autocorrelation 

function in the DLS and provides information on the heterogeneity of the particle sizes. A PDI value 

below 0.05 is typically an indicator of a monomodal dispersion. Values between 0.10 and 0.25 are 

characteristic of a narrow distribution, while values above 0.50 indicate a significantly broader 

distribution. At values above 0.70, the system has a very broad size distribution, which is rather 

unsuitable for DLS measurements [39–41]. The hydrodynamic diameters from DLS of the polymer-

stabilized AuNPs in the water are given in Table S1 (together with the TEM diameters and the UV-

Vis bands) and the DLS diagrams are shown in Figures S2-S17. 

Figure 5 provides a summarizing overview of the DLS results and shows that Dh lies largely in 

the range of 20-70 nm for most samples, with the expected increase from the gold core size of 11-18 

nm due to the polymer (and citrate) shell (Table S1). The one-pot method leads to a similar or higher 

Dh compared to the PAR method. However, for the polymer PVA, the Dh for the one-pot method also 

decreases for AuNP@PVA13k and AuNP@PVA146k compared to PAR. The Dh values are generally 

very similar for the AuNP@PEG samples and the samples with PVP8k and PVP40k. The PEG-based 

AuNPs show a relative constant Dh, independent of the polymer molar mass. A higher Dh by the one-

pot method is then found for the AuNP conjugates with PVA31k and -85k, PVP3.5k and -360k and 

both PAA samples. The increase in Dh seen for the PVP- and PAA-based AuNPs from the one-pot 

synthesis could be caused by the non-spherical morphology of the AuNP cores which was visible in 

the TEM images. Non-spherical NPs can distort the results of the DLS measurements due to rotational 
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movements and directional scattering, as the method is based on a spherical particle model. 

Anisotropic particles with different dimensions cannot be differentiated from each other in the DLS, 

as only an average hydrodynamic diameter is determined, which can deviate significantly from the 

actual particle dimensions. Although anisotropic particles may stand out in DLS due to a broad or 

multimodal size distribution, DLS does not provide accurate information about the particle shape 

[42]. It is again evident that the polymer functional groups, the chain length and mode of addition 

play a role in determining the AuNP@conjugate size with its hydrodynamic diameter. The effect of 

increasing or decreasing Dh does not only go in one direction when comparing the two synthesis 

methods of addition but can reverse for a given polymer with its chain length. The interfacial 

interaction between the growing AuNPs, the citrate and polymer shell plays a decisive role, resulting 

in different and competing surface coverage during the AuNP formation and growth. The general 

similarity of the hydrodynamic diameter of the PEG-based conjugates irrespective of polymer chain 

length which varies from 0.4k to 10k (in g/mol) may indicate little interaction of the PEG polymer 

with the AuNP@Cit surface. The more so as Dh for AuNP@Cit is 25 nm, close to the Dh values of 27, 

27 and 32 nm for the three different AuNP@PEG conjugates (Table S1). This assumption of 

unperturbed AuNP@Cit particles in the presence of PEG is supported from their analysis in ethanol 

(see below). 

 

Figure 5. Graphical overview of all the DLS results in water of (a) AuNP@PVA, (b) AuNP@PEG, (c) AuNP@PVP 

and (d) AuNP@PAA (fully colored bar PAR; hatched bar one-pot). The brown squares represent the PDI. *The 

AuNP@PVP360k sample shows unexpectedly large hydrodynamic diameters for both the PAR method (177 nm) 

and the one-pot method (298 nm), which are off-scale. 

The UV-Vis data overview in Figure 6 for the PAR method and Figure S10 for the one-pot 

method shows very similar absorption maxima for the surface plasmon resonance in the range from 

517-to 525 nm and similar band width for most samples in water. The similarity in the absorption 

maxima and band width reflects the similar size of the AuNP cores from TEM analysis in the range 

of 11-18 nm and with small size dispersion. An exception is the surface plasmon resonances (SPR) of 

the samples AuNP@PAA15k and AuNP@PAA100K from the one-pot method in water, with a 

significant red shift of the maximum to 533 nm which correlates with the polydispersion seen in the 

TEM sample.  
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Figure 6. Ultraviolet-visible (UV-Vis) spectra in water from the PAR synthesis method of (a) AuNP@PVA, (b) 

AuNP@PEG, (c) AuNP@PVP and (d) AuNP@PAA. For the spectra from the one-pot method see Figure S10. The 

absorption maxima are listed in Table S1. 

3.2. Characterization of the AuNP Samples Transferred to Ethanol 

The TEM analysis in Figure 7, Figure S11 and S12 of the samples after their transfer into ethanol 

yields a range of 11-19 nm which is essentially identical to the 11-18 nm region of the samples in 

water. The numerical data of all samples in ethanol are listed in Table S2. Small changes such as an 

increase in size by a few nanometers, for example, for PAR AuNP@PVA85k, AuNP@PEG0.4k and 

AuNP@PAA100k, for one-pot AuNP@PVA13k, AuNP@PVA146k, AuNP@PEG0.4k and 

AuNP@PEG10k (Figure 7) should not be overinterpreted as this deviation is still within the standard 

deviation of 3. However, the samples prepared by the one-pot method with the polymers PVP and 

PAA100k showed no longer well-separated, individual AuNPs. Instead, these samples depicted 

highly aggregated, anisotropic and non-spherical nanoparticles. The non-spherical nature of the 

AuNPs with PVP and PAA100k from the one-pot method was already seen and noted in the TEM 

images in water, which were given in Figure 3, still there individual NPs could be discerned. Due to 

this heterogeneous appearance, a reliable particle diameter analysis in ethanol based on the TEM 

images was not possible. It is evident that the polymers PVP and PAA in combination with the one-

pot synthesis are less stabilizing for AuNPs, especially when the nanoparticles are transferred from 

water to ethanol. 
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Figure 7. Graphical comparative overview of the TEM size in water and ethanol of (a) AuNP@PVA, (b) 

AuNP@PEG, (c) AuNP@PVP and (d) AuNP@PAA (fully colored bar PAR; hatched bar one-pot). The individual 

TEM images for the ethanol samples are given in Figure S11 and S12, numerical data of the samples in ethanol 

is listed in Table S2. The bars for the ethanol dispersion are shown transparent so that the bars in the water row 

can be seen more clearly. 

The comparative overview of the hydrodynamic diameter from DLS in water and ethanol in 

Figure 8 indicates the expected increase in Dh with increasing molar mass of the polymer. It can be 

concluded not only from TEM but also from DLS and UV-Vis (Figure 8, Figure S22 and S23) that the 

nanoparticles from the PAR method remain rather unperturbed when transferred from water to 

ethanol. A single exception are the PEG10k-coated NPs. Here DLS data in ethanol show a 

hydrodynamic diameter of 163 nm (vs 32 nm in water) and a strong red-shift to 699 nm can be 

witnessed in the UV-Vis spectra (vs 520 nm in water) (cf. Table S2 and Table S1). Perhaps this 

aggregation deduced from the solution methods DLS and UV-Vis of the AuNP@PEG10k conjugates 

could be inferred also from the TEM image in Figure S11 where the individual gold cores are very 

close together, much closer than in the TEM images with the other polymers. This proximity where 

the nanoparticles appear to touch each other could derive from a missing polymer coating, that is 

washed away. In the discussion of the DLS analysis in water we had already noted that the very 

similar hydrodynamic diameter of the PEG-based conjugates, irrespective of polymer chain length, 

may indicate little interaction of the PEG polymer with the gold core. 
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Figure 8. Comparative overview of the hydrodynamic diameter from DLS in water and ethanol of (a) 

AuNP@PVA, (b) AuNP@PEG, (c) AuNP@PVP and (d) AuNP@PAA (fully colored bar PAR; hatched bar one-

pot). Note the split diameter axis for the PEG samples. The individual DLS images for the ethanol samples are 

given in Figure S14-S21 and S22, numerical data of the samples in ethanol is listed in Table S2. The bars for the 

ethanol dispersion are shown transparent so that the bars in the water row can be seen more clearly. *The 

AuNP@PVP360k samples show unexpectedly large hydrodynamic diameters (Table S1 and S2), which are off-

scale. 

The nanoparticle instability from the one-pot synthesis with the polymers PVP and PAA100k, 

which was evident in the TEM images (compare Figure 3 and Figure S12), was not immediately 

evident in the DLS analysis of the PVP samples where the hydrodynamic diameter in ethanol 

remained similar to those measured in water (Figure 8 and Figure S22). Yet, in the UV-Vis spectra in 

ethanol there is a broadening of the bands for AuNP@PVP, especially evident for PVP3.5k and 

PVP360k with also a bathochromic shift to 531 nm and more significant to 576 nm for PVP360k 

(Figure S24). From the one-pot synthesis the longer-chain PEG conjugates exhibit a very large increase 

in hydrodynamic diameter in DLS after their transfer into ethanol (Figure 8). For UV-Vis and 

AuNP@PEG10k the same strong red-shift as with PAR is seen in the one-pot product (Figure S23 and 

Figure S24). For PAA100k the hydrodynamic diameter increased in ethanol to 139 nm (vs 58 nm in 

water) (cf. Table S2 and Table S1) and the UV-Vis band strongly broadened (Figure S24). 

For the AuNPs functionalized with PEG a tendency towards instability in ethanol can be inferred 

from the DLS and UV-Vis measurements. This is due to the comparatively weak interaction of PEG 

with the AuNP surface, since PEG contains only ether groups that do not have a strong binding 

affinity to gold. Furthermore, nonpolar PEG provides largely a steric stabilization, whereas the more 

polar PVA, PVP and PAA polymers enable also some electrostatic stabilization. Further, the high 

solubility of PEG in ethanol, also adds to its removal from the nanoparticle surface, leaving only the 

citrate layer, if any, and thus contributes to the tendency of the gold cores to aggregate [43–45]. Of all 

the polymers used in both synthesis methods, the PVA-coated AuNPs exhibit the highest colloidal 

stability both in water and after transfer to ethanol. 

Overall, the AuNP@Polymer conjugates show less stabilization in ethanol than in water, also 

because highly polar water has a high dielectric constant (approx. 80), which gives stronger 

electrostatic interactions and can shield charges more efficiently. The dielectric constant of less polar 

ethanol is only about 25, which means that the electrostatic shielding is weaker and the particles can 

attract each other and agglomerate [46,47]. Water also builds a stable hydrogen bond network to 
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polymer chains with H-bond acceptors (OH in PVA, N-CO in PVP and CO2– in PAA), which then can 

be solvated effectively. In ethanol, a weaker hydrogen bonding network is formed, so that the 

polymer shells of the AuNP@Polymer conjugates can approach and interact better, which results in 

their aggregation in solution [48–52]. 

3.3. Loading of DASA on the AuNP@Polymer Conjugates 

As a test for drug loading, we have investigated here the loading of the tyrosine kinase inhibitor 

(TKI) Dasatinib (BMS-354825, Sprycel®) (DASA) for which the solvent needed to be changed to 

ethanol as DASA is not soluble in water but, e.g., in ethanol.  

DASA (see Scheme S1 for the molecular structure) can be used as a drug to treat cancer and 

against drug resistance [53]. It inhibits the phosphorylation of the oncogenic and Src kinase families 

and can thus prevent angiogenesis and the associated tumor growth and support apoptosis [32,54,55]. 

As a TKI, it can be used in many tumor types such as leukemia, glioblastoma multiforme (GBM), 

pancreatic ductal adenocarcinoma (PDAC) and many others [56–59].  

To determine the mass loading of DASA per mass of gold, the combined DASA and 

AuNP@Polymer dispersions (volume 5.8 mL) were stirred and centrifuged after 72 h. The 

supernatants were removed with a pipette and stored in the refrigerator at 4 °C until the HPLC 

measurement was performed. From the HPLC measurement the remaining DASA concentration was 

determined with the calibration curve in Figure S25. From the difference to the starting concentration 

of DASA the mass which was adsorbed on the AuNP@Polymer conjugate was obtained.  

A typical DASA loading was in the range of 100-300 μg/mg of gold for all polymers except for 

PVA for both the PAR and one-pot method samples. For the PVA samples the loading was 

consistently below 100 μg/mg and often close to no loading at all. There may be some correlation of 

the DASA loading for the PEG, PVP and PAA conjugates with their observed tendency of aggregation 

in ethanol as discussed above. 

4. Conclusions 

AuNP@Polymer conjugates were prepared in water by two different synthesis methods using 

polymers with different functional groups and chain lengths to compare their eligibility to stabilize 

the nanoparticles in water and ethanol. The gold precursor KAuCl4 was reduced to Au(0) with 

sodium citrate. The polymers were either post-synthetically added (PAR) or were already present 

during the reduction in a one-pot method. Stable conjugates in water could be produced with all 

AuNP polymer systems using both PAR and one-pot. Characterization by TEM and DLS yield similar 

gold core sizes of 11-18 in water or 11-19 nm in ethanol, and hydrodynamic diameters of 20-70 nm 

for most AuNP@Polymer samples and both synthesis methods and solvents. Among all polymers 

tested, PVA showed the highest colloidal stability in both aqueous and ethanolic environments, 

regardless of the synthesis route, and was therefore most effective in preventing the aggregation of 

AuNPs. When the samples were transferred from water to ethanol some aggregation of the 

nanoparticles became apparent generally for the PEG coated particles and for PVP and PAA 

dependent on their molecular weight and synthesis combination. The obvious lower stabilizing effect 

of the PEG polymers may be due to the less coordinating ether groups. The AuNP@Polymer 

conjugates could be successfully loaded with the anticancer drug DASA for the PEG, PVP and PAA 

polymers. For future work polymers with better coordinating groups, such as thiol groups should be 

used, as gold has a high affinity for thiolated molecules, for example Thio-PEG or Thio-PVA. These 

polymers bind to the AuNP surface via an S-linker and can enable a more stable polymer shell. 

Hydrophobic polymers such as poly(lactide-co-glycolide) could also be tested towards hydrophobic 

drug loading. Future works on the stabilizing effect of different polymers should also focus on the 

colloidal stability of AuNPs in complex biological media under physiologically relevant cell culture 

media conditions.  
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Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/doi/s1, Section S1. Characterization of AuNP@Cit and AuNP@Polymer in water.; 

Section 2. Characterization of AuNP@Polymer in ethanol after transfer from water; Section S3. Quantification of 

DASA loading.  
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The following abbreviations are used in this manuscript: 

AuNPs Gold nanoparticles 

PAR Postsynthetic addition reaction 

PVA Poly(vinyl alcohol) 

PEG Poly(ethylene glycol) 

PVP Poly(vinyl pyrrolidone) 

PAA Poly(acrylic acid) 

TEM Transmission electron microscopy 

DLS Ultraviolet-visible spectroscopy 

HPLC High-performance liquid chromatography 

NaCit Sodium citrate dihydrate 

PDI Polydispersity index 

DASA Dasatinib 
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