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ABSTRACT 

Modeling the Protein Corona of Gold Nanoparticles in the Systemic Circulation  

Ryan Blanchard 

Department of Biomedical Engineering 

Texas A&M University 

Research Faculty Advisor: Dr. Isaac Adjei 

Department of Biomedical Engineering 

Texas A&M University 

Nanoparticles (NP) adsorb layers of proteins onto their surface after systemic 

administration that imparts a unique identity. The protein corona formed on the NPs influences 

their pharmacokinetics and biodistribution, and ultimately, their drug delivery effectiveness. 

Thus, understanding the protein corona's role on the in vivo behavior of NPs is necessary to 

improve their efficiency as a drug delivery platform. Previous studies have indicated a difference 

between the protein coronas formed on NPs in static and dynamic conditions. However, the 

effects of the complex vascular geometry of the systemic circulation on the protein corona 

remain unexplored. In this study, PEGylated gold NPs (AuNP) were synthesized and the effect 

of different vessel geometries on the protein corona was evaluated. The AuNPs were 

characterized for their size (dynamic light scattering, transmission electron microscopy) and 

charge (zeta potential). AuNPs were exposed to plasma in loop and branched vessel 

configurations of a custom-built dynamic flow system, and the composition of its protein corona 

was compared to the protein corona on NPs under static conditions through gel electrophoresis. 
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These studies show that the geometry of the systemic circulation impacts the protein corona 

formed on NPs and could affect their in vivo behavior.  
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NOMENCLATURE 

NP  Nanoparticle  

AuNP  Gold nanoparticle  

PEG  Poly(ethylene glycol) 

PAH  Poly(allylamine hydrochloride)  

DLS  Dynamic Light Scattering  

TEM  Transmission Electron Microscopy 

SDS-PAGE Sodium Dodecyl Sulfate- Polyacrylamide Gel Electrophoresis 

CFD  Computational Flow Dynamics 
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1. INTRODUCTION 

Nanotechnology, a field that has grown immensely in recent decades, utilizes cutting-

edge techniques to study matter on a tiny level. Specifically, it focuses on materials in the 

nanometer scale, or 1×10-9 m. At this size, materials exhibit unique properties due to their small 

size and large proportion of surface atoms. Nanomaterials exhibit improved mechanical 

properties, enhanced optical emission, and reduced melting points, among other properties [1, 2].  

The attributes of nanomaterials allow for their use in a variety of applications, 

particularly in medicine. Nanoparticles, defined as a particle within 1-100 nm, are used widely in 

biosensors, medical imaging, and delivery of therapeutics [3]. Nanoparticles hold great promise 

in these areas because their properties can be customized to modify how the particles interact 

with the patient’s body [4]. One of the focal points of research interest has been focused on 

studying how the size, shape, surface charge, or surface chemistry of the nanoparticles affect key 

attributes with respect to drug delivery, such as cellular uptake and toxicity [5-7].  

Upon systemic administration of the nanoparticles, layers of proteins adsorb to their 

surface. These proteins, referred to collectively as the protein corona, impart a unique identity 

onto the nanoparticle, affecting how it interacts with its environment [8]. However, the protein 

corona-nanoparticle complex is a dynamic system. The composition of the corona is affected by 

its surroundings and the amount of time in circulation [9-11]. Temporally, the composition of the 

corona follows the Vroman effect: when the nanoparticle first enters the systemic circulation, the 

corona consists mostly of proteins that are most abundant in the bloodstream. Over time, they are 

replaced by proteins with higher affinity for the nanoparticle.  
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The proteins of the corona can be separated into two categories: the hard corona and the 

soft corona [12]. The hard corona consists of proteins that have the highest affinity for the 

nanoparticle and are bound tightly to it. These ‘core’ proteins become essential to the biological 

identity of the nanoparticle, affecting its interactions with the environment [13, 14]. In addition, 

when the proteins adsorb onto the surface of the nanoparticle, their secondary and tertiary 

structure may be altered, influencing their function [15]. The soft corona, in contrast, consists of 

proteins with a relatively lower affinity for the nanoparticle [15]. Since they are more weakly 

bound, the proteins in this layer are constantly changing.  

  

 

Figure 1.1: (a) As nanoparticles enter the systemic circulation, proteins adsorb to the nanoparticle. (b) The protein 

corona is divided into hard and soft coronas based on their affinity for the nanoparticle. Figures adapted with 

permission [16, 17] 
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Like other properties of the nanoparticle, the composition of the protein corona affects its 

pharmacokinetics and biodistribution [13]. Ultimately, this impacts the effectiveness of the 

nanoparticle as a platform for drug delivery. Therefore, it is important to understand what 

proteins are found in the corona, what factors affect its composition, and how these factors 

impact the safety and efficacy of the nanoparticles as platforms for drug delivery. 

Previous studies have sought to accomplish these goals by studying how properties of 

interest of nanoparticles (such as size, shape, surface charge, or surface chemistry) impact the 

protein corona [15, 18]. These studies found, in addition, that the sample preparation procedures 

and incubation methods of the nanoparticles greatly influences the composition of the protein 

corona [19]. Yet many of these studies are performed by incubating the nanoparticles in a 

biological media such as human plasma under static conditions and analyzing the composition of 

the protein corona. The problem with this in vitro experimental setup is that in an in vivo setting, 

the nanoparticles will never be static as they travel through the systemic circulation.  

The solution to this problem is to either utilize an in vivo model, which introduces many 

complexities and costs into a study, or to incubate the nanoparticles in circulating media, termed 

dynamic conditions, as shown in Figure 1.2. Multiple studies have found that, when dynamic 

conditions were compared to static conditions, the concentration of proteins in the corona 

increased and the identity of these proteins were different [20, 21]. Further, when different 

physiologically relevant flow speeds were selected, the composition of the protein corona varied 

by flow rate [20]. 
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Figure 1.2: (a) Current protein corona models. (b) Blood vessels branch off one another, creating complex flow 

patterns. 

While the dynamic conditions described will give a more accurate understanding of the 

protein corona that forms in vivo compared to static conditions, they do not take the geometry of 

the systemic circulation into consideration. As illustrated in Figure 1.2b, blood vessels do not 

proceed in a loop throughout the body like the currently used dynamic model. Rather, the 

anatomy of the circulatory system is branching, with variations in the vessel size and the blood 

flow rate. It is possible that these complexities alter the composition of the protein corona on 

nanoparticles. If this is the case, current in vitro models may need to be adjusted to ensure 

accurate results.  
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In this study, we seek to bridge the gap between current in vitro and in vivo models of the 

protein corona. We will investigate how altering the geometry of the flow system utilized for 

nanoparticle incubation will affect the composition of the protein corona. To accomplish this 

goal, we will design a custom-built dynamic flow system to better emulate in vivo conditions.  

For this study, gold nanoparticles (AuNP) conjugated with poly(ethylene glycol) (PEG) 

will be utilized as a model nanoparticle. AuNPs were selected due to their ease of synthesis, high 

monodispersity, and ease of functionalization [22]. The AuNPs will be synthesized and 

characterized by size and charge, then they will be incubated in the flow system and the 

composition of their protein coronas will be analyzed. 
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2. METHODS 

This section will detail the procedures utilized in to accomplish the results found later in 

this document.  

2.1 AuNP Synthesis 

The first step in the process is producing AuNP. First, a 25mM stock solution of the gold 

precursor tetrachloroauric(III) acid trihydrate (HAuCl4∙3H2O) is prepared and stored at 8°C. The 

stock solution was then diluted to a 10mM solution. 1.25 mL of 10mM HAuCl4∙3H2O was added 

to 100 mL of deionized (DI) water in a conical flask. This flask was placed on a magnetic 

stirring hot plate in a fume hood, measuring the temperature of the solution while heating. When 

the temperature reached 70°C, 1 mL of 1.5 mg/mL poly(allylamine) hydrochloride (PAH), a 

cationic polyelectrolyte, is added. Once the solution reached 100°C, the reduction reaction was 

allowed to continue for 20 minutes until the solution turned a deep red color. The solution was 

cooled to room temperature, and 1 mg of 10 kDa thiol-(poly)ethylene glycol-amine (SH-PEG-

NH2) was added and stirred for one hour to incorporate. PEG serves to prevent the formed AuNP 

from aggregating through steric hindrance. The solution was split into two 50 mL centrifuge 

tubes and transferred to an ultracentrifuge at 4000 RPM for 30 minutes. The supernatant was 

decanted, and the pellet transferred to a 1.5 mL centrifuge tube. The pellet was then centrifuged 

at 14,800 RPM for 15 minutes, and any remaining supernatant was decanted and discarded into a 

chemical waste container. The pellet, or the completed AuNP, was then stored at 8°C until the 

experiment. Glassware was cleaned with aqua regia, which consists of a 1:3 ratio of concentrated 

HCl and HNO3.  
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2.2 AuNP Characterization 

To ensure that AuNP were consistent within and between batches, particles were 

characterized by charge and size.  

2.2.1 Zeta Potential 

To characterize the charge of the nanoparticles, the zeta potential was measured using the 

Malvern Zetasizer Nano ZS. Zeta potential is defined as the electric potential difference between 

the layer of ions bound strongly to the AuNP and the layer of oppositely-charged ions in the 

surrounding dispersion medium [23]. This measurement is useful because zeta potential is an 

important indicator of stability [24]. A higher magnitude of zeta potential indicates that the 

nanoparticles are more stable and thus less likely to aggregate. In addition, a positive zeta 

potential was sought to confirm successful reduction of AuNP by PAH.  

To obtain the measurement, 200 μL of AuNP were diluted 1:5. Using a 1 mL tuberculin 

syringe, the nanoparticles are injected into a folded capillary zeta cell to the fill line. The cell is 

then inspected to ensure there are no air bubbles inside the cell, as this will disrupt the reading. 

The cell is capped, and the nanoparticles can be measured. 

2.2.2 Dynamic Light Scattering (DLS) 

 AuNP size was determined utilizing several techniques. The first method is dynamic 

light scattering, which is measured using the Malvern Zetasizer Nano ZS. Dynamic light 

scattering measures the uses the fluctuation of scattered light intensity to estimate the Brownian 

motion of the nanoparticles, which can be used to calculate its hydrodynamic diameter [25]. The 

hydrodynamic diameter reflects the size of a theoretical solid sphere that would diffuse the same 

as the particle measured. These measurements produce a Z-average, or intensity weighted mean 
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hydrodynamic diameter, and a polydispersity index (PDI), which is a measure of the variation of 

size within the distribution. 

2.2.3 UV-VIS Spectroscopy 

UV-VIS spectroscopy is a useful technique to confirm AuNP size and to determine the 

concentration of nanoparticles in solution [26]. This is accomplished by obtaining an absorption 

spectrum of the sample in the UV and visual light spectra. To perform the reading, 100 μL of 1:5 

dilution AuNP are added to a 96-well plate. The plate is then read using the Tecan Infinite M200 

Pro Plate Reader. For 20 nm diameter AuNP, the absorption peak will be located at 530 nm. To 

obtain the concentration of AuNP, the absorption at 530 nm is recorded. Using the Beer-Lambert 

law and the dilution factor, the concentration of AuNP in nanoparticles/mL can be obtained. 

2.2.4 Transmission Electron Microscopy (TEM) 

TEM utilizes an electron beam transmitted through a sample to produce a high-resolution 

image. AuNP were dispersed in ethanol and sonicated to mix. A single drop of the AuNP-ethanol 

solution was added onto a copper grid and dried under vacuum. The images are taken using the 

JEOL 1200EX microscope. TEM is useful for analyzing the size distribution and morphology of 

nanoparticles [27]. To find the size distribution of AuNP, image analysis software is used. The 

image is imported into ImageJ, where the image is processed and particle analysis is performed. 

This analysis produces a distribution of particle diameter. It should be noted that this diameter is 

not equivalent to the hydrodynamic diameter calculated from DLS, as this diameter is based on 

the visual reference of the nanoparticle rather than the motion of the nanoparticle in solution. 
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2.3 Design of Custom Dynamic Flow System 

2.3.1 General Design 

The dynamic flow system consisted of a Fisherbrand™ Variable-Flow Peristaltic Pumps 

and varying lengths of polyurethane tubing. The system was placed in a temperature-controlled 

orbital shaker maintaining 37°C. Two primary configurations were utilized for this study. The 

loop configuration, shown in Figure 2.1a, consisted of a single length of tubing connected to both 

ends of the peristaltic pump. The branching configuration, as shown in Figure 2.1b, consisted of 

four lengths of tubing. Two segments connected to each end of the peristaltic pump and two 

segments were connected in between using polypropylene Y fittings.  

 

Figure 2.1: Design of custom dynamic flow system. (a) Loop configuration (b) Branched configuration.  

2.3.2 First Flow System Iteration 

In the first iteration, 1/16” inner diameter (ID) tubing was utilized. The tubing length for 

the loop configuration was 8”. The tubing lengths for the branched configuration was 2” for each 

segment. This loop configuration was utilized in both Section 3.2 and Section 3.3.1. For the first 

iteration trials described in Section 3.3.1, the flow rate was 5.2 mL/min.  
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2.3.3 Second Flow System Iteration 

In the second iteration, 3/32” ID tubing was utilized. The tubing length for the loop 

configuration was 16”. The segments for the branched configuration were each 4”. The flow rate 

for this iteration was 5.2 mL/min. 

2.3.4 Third Flow System Iteration 

In the third iteration, the tubing length remains the same as described in section 2.4.3. 

The loop configuration and the ends of the branched configuration used 3/32” ID tubing, while 

the branches used 1/16” ID tubing. The flow rate for this iteration was 9.3 mL/min. 

 

2.4 Protein Corona Formation and Analysis 

2.4.1 General Experimental Protocol 

Thawed human plasma was first filtered through a 0.22 μm syringe filter and warmed in a 

water bath. The pump was filled with warmed plasma and was circulated at a speed specific to 

the experiment. 50 μL of 1×1011 NP/mL AuNP were injected into the circulating plasma using an 

insulin syringe. At the same time, 50 μL of the same concentration of AuNP was added to a 

static container of plasma within the shaker to serve as a control. The nanoparticles interacted 

with the plasma for 10 minutes before being removed and placed in a centrifuge tube. The 

AuNP-plasma solution was centrifuged thrice, replacing the removed supernatant with 

phosphate-buffered saline (PBS). After the washing, the pellet was collected and stored at 4°C 
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for analysis. To confirm results, each set of experiments was repeated thrice.

 

Figure 2.2: Experiment overview. 

2.4.2 SDS-PAGE 

To analyze the composition of the protein corona, sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE) was utilized. SDS-PAGE separates proteins in a sample based 

on their molecular weight. SDS, an ionic detergent, denatures the protein structure and coats the 

protein backbone with a negative charge. An electric field draws the denatured proteins through 

the polyacrylamide gel, travelling at a rate proportional to its molecular weight.  

Hand-cast stain-free polyacrylamide gels were synthesized within one week of the 

experiment using the Bio-Rad Mini-PROTEAN Tetra Handcast System, following manufacturer 

instructions. The synthesized gel was stored at 4°C wrapped in a paper towel wetted with SDS-

PAGE running buffer (Tris/glycine/SDS) that has been diluted from 10X to 1X. Once the protein 

pellet had been collected as per the experiment outlined in Section 2.4.1, the components of the 

electrophoresis setup were rinsed with DI water and the gel was removed from storage. The gel 

and a buffer dam were loaded into the electrophoresis chamber, which was then filled with 

running buffer until the two-gel line on the chamber side.  

5 μL of 4X Laemeli sample buffer was added to each pellet and diluted with 15 μL of 2% 

SDS to create 20 μL of 1X Laemeli sample buffer. The samples were transferred to a centrifuge 
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tube holder, which was placed in a water bath. This water bath was microwaved for 3 minutes. 

The samples were removed from the water bath and cooled to room temperature. They were 

placed into the centrifuge, which was pulsed for 30 seconds to pellet any debris. The comb was 

removed carefully from the gel and 20 μL of supernatant was injected into each lane. The first 

lane was saved to inject 5 μL of Bio-Rad Precision Plus Protein™ Dual Color Standard. The lid 

was placed on the chamber and the device was run for about one hour, or until the dye front 

reaches the bottom, at 110 V, checking periodically. Using DI water and a gel releaser, the gel 

was removed from the plates and transferred to a sample tray. The tray was inserted into the Bio-

Rad Gel Doc EZ Imager, which imaged the gel. 
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3. RESULTS 

3.1 AuNP Synthesis 

To synthesize AuNP, chloroauric acid is reduced in DI water by PAH. The resulting 

neutral gold atoms form nuclei, which grow into AuNP, as shown in Figure 3.1. By controlling 

the feed rate and ratios, the size of the nanoparticle can be controlled [28]. However, these AuNP 

are not stable in aqueous environments over long periods of time, so they must be either 

sterically or ionically stabilized [29]. To accomplish this, SH-PEG-NH2 is conjugated to the 

AuNP through a covalent bond between the thiol group and the AuNP surface [30]. Through the 

PEG and amine groups, this conjugation both sterically and ionically stabilizes the AuNP. 

 

Figure 3.1: AuNP Synthesis. 

3.2 AuNP Characterization 

AuNP were characterized by both charge and size. The zeta potential of the AuNP was 

found to be 45 mV before PEG conjugation and 37.1±5.35 mV after PEG conjugation. The UV-

VIS absorption scan can be seen in Figure 3.2a, which has a peak at 530 nm. This peak was 

consistent across all AuNP samples. Using the TEM images, shown in Figure 3.2b, the mean and 
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PDI of the AuNP were found to be 18.7 nm and 0.106, respectively. Finally, the hydrodynamic 

diameter of the AuNP, calculated using DLS, was 45 nm.  

  

Figure 3.2: AuNP Characterization. (a) UV-VIS absorbance scan (b) TEM image 

PEG conjugation is confirmed by the change in zeta potential before and after 

conjugation. A large magnitude of zeta potential indicates that there is sufficient surface charge 

repulsion for nanoparticle stabilization [31]. A positive surface charge is potentially beneficial 

for AuNPs as drug delivery platforms, as it leads to greater cell uptake because of the negative 

surface charge of the cell membrane [32]. This makes the choice of SH-PEG-NH2 as a stabilizing 

agent ideal, as it creates a relevant AuNP model on which to analyze protein corona composition 

for drug delivery.  

The difference between the diameters found through image analysis and DLS is to be 

expected, as they are not measuring the same parameter. AuNP velocity could be impacted by 

PEG conjugation, causing a relative increase in the hydrodynamic diameter[33]. Taken together, 

this data indicates that gold nanoparticles were successfully synthesized with PEG conjugation. 

These AuNP were stable, indicated by a lack of change of the absorbance peak over time, and 

highly monodisperse, as shown by the PDI from TEM image analysis. 
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3.3 Dynamic Protein Composition 

The looped dynamic condition was performed at two different flow rates: 5.2 mL/min 

and 9.3 mL/min. The results from gel electrophoresis are shown in Figure 3.3b. When compared 

to a static condition the protein coronas of the dynamic conditions were different. Further, each 

flow rate presented differences in protein composition. This confirms findings in previous 

studies that incubating NP in dynamic conditions and changing the flow rate results in a 

difference in the composition of the protein corona [20]. 

 

Figure 3.3: (a) AuNPs were incubated at two flow rates. (b) Relative concentrations of proteins in static and 

dynamic conditions found through gel electrophoresis.  

3.4 Branched Protein Composition 

3.4.1 First Iteration of Branched System 

After establishing a connection between flow rate and protein composition, we moved 

onto creating the branched system to replicate the geometry of the systemic circulation. The 

design of this system is described in Section 2.3.2. The results from this study are shown in 

Figure 3.4a. This system yielded inconsistent results between trials. To investigate, water was 



20 

 

dyed with food coloring and circulated through the system. This test revealed that, due to a sharp 

turn before the branching, flow was being favored through one branch at a time, as illustrated in 

Figure 3.4b. Because of this, one branch was often brought to a halt. This led to inconsistencies 

in protein corona composition.  

 

 

Figure 3.4: (a) Relative concentrations of proteins in static, dynamic, and branched conditions found through gel 

electrophoresis in the first iteration of branched geometry system. (b) In the first iteration of branched geometry 

system, flow was favored through one branch. 

3.4.2 Second Iteration of Branched System 

To rectify the issues described, both the segment length and diameter were increased. The 

system was then modified to the design described in Section 2.3.3. The length and diameter of 

the branches was increased, as seen in Figure 3.5a. The results from this study are displayed in 
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Figure 3.5b. When dyed water was circulated through the flow setup, it traveled through both 

branches evenly and consistently. However, this system did not reveal a difference between the 

dynamic and branched configuration. Therefore, we hypothesized that the system was still not 

accurately representing the systemic circulation.  

 

Figure 3.5: (a) In the second iteration of branched geometry system, branch length and diameter were increased. 

(b) Relative concentrations of proteins in static, dynamic, and branched conditions found through gel 

electrophoresis in the second iteration of branched geometry system. 

3.4.3 Third Iteration of Branched System 

In the systemic circulation, the diameter of blood vessels varies, as shown in Figure 1.2b. 

The diameter decreases as blood flows from the aorta to the capillaries and increases from the 

capillaries to the veins. In the third iteration, inspiration was taken from this anatomy by 

decreasing the diameter of the branching segments, illustrated in Figure 3.6a. Thus, the system 

was revised as described in Section 2.3.4. The results from this study are shown in Figure 3.6b. 

This study showed that there are multiple proteins that are not present in the loop configuration 

that are seen in the branched configuration. This indicates that there is a difference in the protein 

corona composition between AuNP incubated in dynamic systems with different configurations. 
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Figure 3.6: (a) In the third iteration of branched geometry system, branch diameter was decreased. (b) Relative 

concentrations of proteins in static, dynamic, and branched conditions found through gel electrophoresis in the 

third iteration of branched geometry system. 
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4. CONCLUSION 

In this study, PEGylated AuNP were synthesized and characterized by size and charge. A 

dynamic flow system was constructed to model the protein corona of AuNP in the systemic 

circulation. Using this system, AuNP were incubated with human plasma in the looped 

configuration, representing the traditional ‘dynamic’ system, and the branched configuration, 

intended to be a more accurate model of the systemic circulation. This study found that there is a 

difference between the compositions of the protein corona formed on AuNP using looped and 

branched configurations.  

Since the protein corona influences how nanoparticles interact with their surroundings, a 

change in its composition could have a major impact on nanoparticle behavior in vivo. To 

maximize the ability to translate research from the benchtop to the clinic, it is vital to create in 

vitro testing systems that reflect conditions found in vivo as accurately as possible. This study 

suggests that the current dynamic model of the protein corona in vitro may not fully reflect its 

formation in vivo. Thus, these findings are important because they can facilitate the effective 

development of nanoparticle platforms for biomedical applications. 

In future studies, the impact of flow geometry on the uptake of AuNP will be examined 

using the configurations described above. In addition, proteins affected by geometry in dynamic 

flow will be identified for analysis using mass spectrometry. Lastly, a computation fluid 

dynamics (CFD) model of the configurations will be developed to examine how forces such as 

fluid shear stress vary within and between the flow configurations.  
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