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Abstract 

 
X-ray imaging is a mature means of tissue imaging, making iodine-based contrast agents 

widely used in various scientific research and clinical imaging. After more than half a 

century of development, commercial iodine-containing contrast agents have been 

characterized by high water solubility, low biobinding, low toxicity, and high biotolerance. 

However, due to their rapid renal excretion and high dosage, they still damage the function 

of kidneys, heart, and thyroid. In order to find an optimal way of iodine delivery, small 

iodine-containing molecules (4IH) were labeled on BSA, dextran, PMA coated AuNPs, and 

synthesized iodine-doped AgI NPs, commercial contrast agent iohexol as the control. ICP-

MS detected the content of iodine in each carrier, and the labeling efficiency was: PMA-

Au-I<AgI NP<Dex-I<BSA-I, and there is about 4 iodine on each BSA molecule. In combination 

with endocytosis and exocytosis, results showed that within a non-cytotoxic iodine 

concentration range, BSA-I not only showed an order of magnitude higher cell 

internalization of iodine than that of iohexol, but also efflux less than 40% iodine from cells 

after 72 hours of endocytosis, compared with more than 95% of iohexol. The above results 

indicate that BSA is a safe and efficient carrier for delivering iodine into cells, paving the 

way for the subsequent X-ray imaging to acquire high-quality images and the development 

of new iodine contrast agents. 

 

PSMA small molecule inhibitors have the advantages of good cell permeability and fast 

blood clearance, making them the first choice for constructing PCa molecular probes. Most 

of the small molecule reagents prepared for PSMA imaging and treatment are based on 

urea scaffolds. The glutamate-urea-based motif is a highly appropriate building block for 

preparing effective PSMA inhibitors. At present, research hotspots at home and abroad are 

mainly focused on developing nuclide-labeled molecules with a high affinity to PSMA. 

There are few studies on nanoparticles that use PSMA small molecule inhibitors as targets. 

Here, we prepared PSMA targeting nanoparticles with a small sulfhydryl ligand, 

mercaptoundecanoic acid (MUA) as a spacer, and a glutamate-urea-based PSMA small 

molecule inhibitor a targeting molecule. In vitro stability studies and cell uptake 



2  

experiments showed that small MUA functional ligand could not maintain sufficient 

stability of AuNP in cell culture medium, and the aggregation of nanoparticles resulted in 

no obvious evidence of the targeting of PSMA-I, which required further optimization of the 

ligand before investigation. 

 

With the in-depth study of targeted nanoparticles, researchers have found that the 

targeting efficiency of nanoparticles is deeply affected by factors such as the antibody 

density or size or direction on the surface. However, the platform to investigate the 

targeting efficiency of a single variable is still missing. It is not easy to find conclusive 

evidence that their surface antibody density determines the targeting efficiency of 

nanoparticles. To this end, we used scFv and SNAP-tag to control the effect of antibody size 

and orientation and constructed a platform to investigate the impact of antibody density 

on targeting efficiency with a single variable. The successful preparation and purification of 

AuNPs with a discrete number of ligands highlights their potential as a reliable platform for 

studying the relationship between targeting efficiency and antibody density. 
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Zusammenfassung 

 
Röntgenbildgebung ist Eine etablierte Methode der Gewebebildgebung, wodurch 

jodbasierte Kontrastmittel in einer Vielzahl von wissenschaftlichen Forschungen und 

klinischen Bildgebungen weit verbreitet sind. Nach mehr als einem halben Jahrhundert 

Entwicklung zeichnen sich kommerzielle jodhaltige Kontrastmittel durch hohe 

Wasserlöslichkeit, geringe Biobindung, geringe Toxizität und hohe Biotoleranz aus. 

Aufgrund ihrer schnellen renalen Ausscheidung und hohen Dosierung schädigen sie jedoch 

die Nieren-, Herz- und Schilddrüsenfunktionen. Um einen optimalen Weg der Jodzufuhr zu 

finden, wurden kleine jodhaltige Moleküle (4IH) auf BSA, Dextran, PMA-beschichteten 

AuNPs und synthetisierten Jod-dotierten AgI-NPs mit dem kommerziellen Kontrastmittel 

Iohexol als Kontrolle markiert. Der Jodgehalt in jedem Träger wurde durch ICP-MS 

nachgewiesen, und die Markierungseffizienz war: PMA-Au-I < AgI NP < Dex-I < BSA-I, und es 

gibt ungefähr 4 Jod auf jedem BSA-Molekül. In Kombination mit Endozytose- und Exozytose-

Experimenten zeigte sich, dass innerhalb eines nicht-zytotoxischen Iod-

Konzentrationsbereichs, BSA-I nicht nur eine um Größenordnungen höhere Internalisierung 

von Jod in die Zellen aufweist als Iohexol, sondern auch weniger als 40 % Jod aus den Zellen 

nach 72 Stunden Endozytose ausschleust, verglichen mit mehr als 95 % bei Iohexol. Die 

obigen Ergebnisse zeigen, dass BSA ein sicherer und effizienter Träger für die Einbringung 

von Jod in die Zellen ist, der den Weg für die anschließende Röntgenbildgebung zur 

Gewinnung hochwertiger Bilder und die Entwicklung neuer Jodkontrastmittel ebnet. 

 

Niedermolekulare PSMA-Inhibitoren haben den Vorteil, dass sie gut zelldurchlässig sind und 

schnell vom Blut ausgeschieden werden, was sie zur ersten Wahl für die Entwicklung von 

molekularen PCa-Sonden macht. Die meisten der bisher hergestellten niedermolekularen 

Reagenzien für die PSMA-Bildgebung und -Behandlung basieren auf Harnstoffgerüsten, 

insbesondere das Glutamat-Harnstoff-Motiv ist ein sehr geeigneter Baustein für die 

Herstellung wirksamer PSMA-Inhibitoren. Derzeit konzentrieren sich die 

Forschungsschwerpunkte im In- und Ausland vor allem auf die Entwicklung 

nuklidmarkierter Moleküle mit hoher Affinität zu PSMA, und es gibt nur wenige Studien zu 
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Nanopartikeln, die kleine PSMA-Inhibitoren als Zielstruktur verwenden. Hier haben wir 

PSMA Targeting-Nanopartikel mit einem kleineren Sulfhydryl-Liganden, 

Mercaptoundecanoic Säure (MUA) als Spacer und ein PSMA klein Molekül-Inhibitor 

basierend auf Glutamat-Harnstoff hergestellt. In-vitro-Stabilitätsstudien und Experimente 

zur Zellaufnahme zeigten, dass der kleine funktionelle MUA-Ligand keine ausreichende 

Stabilität der AuNP im Zellkulturmedium aufrechterhalten konnte, und die Aggregation der 

Nanopartikel führte zu keinem offensichtlichen Hinweis auf das Targeting von PMA-I, was 

eine weitere Optimierung des Liganden vor der Untersuchung erforderte. 

 

Bei der eingehenden Untersuchung von zielgerichteten Nanopartikeln haben 

Wissenschaftler festgestellt, dass die Zielgenauigkeit von Nanopartikeln stark von Faktoren 

wie der Antikörperdichte, der Antikörpergröße oder der Dichte auf der Oberfläche 

beeinflusst wird. Es fehlt jedoch noch eine Plattform zur Untersuchung der Targeting-

Effizienz einer einzelnen Variable, und es ist schwierig, schlüssige Beweise dafür zu finden, 

dass die Targeting-Effizienz von Nanopartikeln durch ihre Oberflächen-Antikörperdichte 

bestimmt wird. Zu diesem Zweck haben wir scFv- und SNAP-Tags verwendet, um die 

Auswirkungen der Antikörpergröße und der festen Ausrichtung zu kontrollieren, und eine 

Plattform konstruiert, um die Auswirkungen der Antikörperdichte auf die Zieleffizienz mit 

einer einzigen Variable zu untersuchen. Die erfolgreiche Herstellung und Reinigung von 

AuNPs mit einer diskreten Anzahl von Liganden unterstreicht ihr Potenzial als zuverlässige 

Plattform für die Untersuchung der Beziehung zwischen Targeting-Effizienz und 

Antikörperdichte. 
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1. Introduction 

 
1.1. Iodine as a contrast agent for X-ray fluorescence imaging 

 
Medical imaging is a technique that aims to take images of internal tissues of the human 

body or a part of the human body in a non-invasive manner to diagnose and examine 

diseases, provide valuable information for implementing treatment plans, and track 

disease progression or drug efficacy. At present, the diagnostic methods used in the clinic 

include ultrasound imaging (USG), computed tomography (CT), magnetic resonance 

imaging (MRI), positron emission tomography (PET), single-photon emission computed 

tomography (SPECT), and optical imaging1 (Figure 1-1). 

 

 

Figure 1-1. The main imaging technology for clinical applications. A) Fluorescence image 

of tumor cells; B) CT image of arterial stenosis; C) MRI image of lumbar metastasis; D) US 

detection of portal vein thrombosis; E) SPECT evaluation of 125I seed implantation; F) PET 

detection of lung cancer. The figure was extracted from reference2. 

 

Of all the medical imaging techniques available, X-ray imaging is one of the most commonly 

used because of its high resolution and low cost. X-rays are a form of ionizing 

electromagnetic radiation that has a specific penetrating force. Utilizing the difference in 

human tissue density and thickness, the amount of X-rays absorbed during the penetration 
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process is different, creating a contrast between tissues and organs3. The transmitted X-

ray signal undergoes imaging processing, such as X-ray film, screen or TV screen display, 

and X-ray image with black and white contrast, and the level difference can be obtained. 

 

However, soft tissues such as the gastrointestinal, cardiovascular, urinary, liver, lungs, and 

tumor tissues lack sufficient contrast, and the imaging effect is inferior4. At this time, 

contrast agents are needed to improve imaging efficiency. Currently, X-ray contrast agents 

are mainly small molecules containing iodine. Iodine (I) is introduced as the main 

component of X-ray contrast agents due to its high-quality X-ray absorption coefficient5. In 

the past century, iodized contrast agents have transitioned from inorganic iodine to organic 

monoiodized, deionized, and triiodized molecules, from lipophilic to hydrophilic, from ionic 

to nonionic, and from monomer to dimer6 (Figure 1-2).  

 

 

Figure 1-2. Chemical structure of representative iodinated X-ray contrast agents. The 

development of iodized X-ray contrast agents has shifted from inorganic and organic 

lipophilic ionic molecules to organic hydrophilic non-ionic molecules. The figure was 

extracted from reference7. 

 

The evolution of iodinated contrast agents has dramatically reduced the toxic and side 

effects during clinical use. For example, compared with ionic type, non-ionic type reduces 

the reaction with the polypeptide, cell membrane, and other biological structures8; reduces 

the adverse effects of high osmotic pressure ion type on the heart and kidneys6, 8. In 

addition to the problem of equal osmotic pressure, viscosity after the formulation of the 
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contrast agent also needs to be considered9-10. In addition, the high-viscosity contrast agent 

stays in the kidney for a longer time, which is likely to cause kidney damage10. Although 

many efforts have been made to improve the physical and chemical properties of iodinated 

contrast agents, commercial contrast agents such as iohexol and iomethol still have 

significant limitations in clinical applications7. The kidney has an immediate clearance effect 

on iodine-containing small molecule contrast media11. Iodine-containing compounds have 

only a concise imaging time. Usually, they require repeated administration of large doses, 

which can easily cause severe adverse reactions, such as allergic reactions, contrast 

nephropathy, and thyroid dysfunction12-14. 

 

Due to the inherent limitations of iodinated small molecule contrast agents, most studies 

use NP to improve the formulation of X-ray contrast agents. The most direct strategy is to 

use the shielding ability of metal nanoparticles to X-rays to achieve CT contrast 

enhancement instead of iodine as a contrast agent for X-ray imaging. Gold (Z = 79) has been 

extensively studied because it has high-K edge energy of 80.7 keV, is incredibly dense (19.3 

g/cm3), and is generally considered biocompatible and biologically inert4. Jackson et al.15 

determined the advantages of AuNP and traditional contrast agents in image contrast 

enhancement. At a concentration of 0.5077 M, the contrast enhancement of AuNP is 88% 

higher than iodine at low energy and 115% higher at high energy (Figure 1-3). The inherent 

properties of nanostructures made of metals depend on their size, shape, composition, and 

internal structure. The differences between them may affect their biological distribution 

and their recognition by phagocytes7. Another strategy is to covalently bond the iodinated 

small molecules to the polymer backbone16, or physically trap the iodinated small 

molecules into the polymer carrier to form NPs17. Due to the leakage problem of physical 

embedding, few studies have been reported. Covalent bonding can prevent the leakage 

and loss of iodinated molecules from NP. Therefore, it is essential to evaluate the 

biodegradability and safety of NPs of different sizes made from various polymers. Finding 

a suitable vector for carrying iodine into cells is a potential strategy to solve the limitations 

of X-ray imaging applications. 
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Figure 1-3. Comparison of contrast-to-noise ratio between AuNPs and iodine-based X-ray 

contrast agents at different X-ray tube potentials. The graph shows that the contrast and 

noise ratio of AuNP and Ultravist® for (A) CR and (B) CT imaging depend on the applied 

X-ray tube potential. The figure was extracted from reference15. 

 

1.2. Small molecule inhibitor targeting prostate specific membrane antigen (PSMA) 
for diagnosis and treatment  

 
With the development of science and technology and people's higher requirements for 

tumor treatment effects, integrated application methods for tumor diagnosis and 

treatment is the leading research goal of current scientists18. To solve this medical problem, 

nanomedicine diagnostic and therapeutic agents came into being. It integrates drugs and 

imaging reagents into nanoparticles and uses the small size effect, surface effect, and 

quantum effect of nanoparticles to make them have unique light, sound, heat, magnetism, 

electricity, and other unique properties to deliver drugs to pathological tissues. Based on 

these unique properties of nanomaterials, nanomedicine diagnostic and therapeutic 

agents can achieve one or more treatment methods, including photodynamic, 

photothermal, sonodynamic therapy, and drug therapy, combined with tumor site imaging, 

to accurately treat tumor lesions19 (Figure 1-4). 
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Figure 1-4. Nanomaterials for diagnostic, therapeutic and therapeutic diagnostic 

applications. The figure was extracted from reference20. 

 

In recent decades, researchers have discovered that receptors are overexpressed on the 

surface of many tumor cells, and these receptors are generally closely related to the growth 

and proliferation of tumor cells21. However, on the surface of normal cells, these receptors 

are usually not expressed or low expressed. Therefore, molecules that can specifically bind 

to these receptors can be connected to appropriate drug carriers through electrostatic 

adsorption and covalent bonding to form a receptor-mediated nano-active targeted drug 

delivery system22. Compared with passive targeted drug delivery, active targeted delivery 

can achieve drug uptake of normal cells and tissues far below the tumor site, overcome the 

shortcomings of poor free drug selectivity, and achieve precise diagnosis and treatment of 

tumor sites. 
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In recent years, prostate cancer has been the most common malignant tumor in men and 

the third leading cause of cancer-related death worldwide23. Prostate-specific membrane 

antigen (PSMA) is a type II transmembrane protein that is highly expressed on the surface 

of prostate cancer epithelial cell membranes in the form of monomers or dimers. However, 

its enzymatic activity in prostate cancer cells has not yet been elucidated24. PSMA is not 

only expressed in the epithelial cell membrane of prostate cancer, but also the neovascular 

endothelial cell membrane of other solid tumors, such as bladder cancer, pancreatic cancer, 

lung cancer, and kidney cancer; as well as normal tissues and organs, such as salivary glands, 

lacrimal glands, proximal tubules, epididymis, ovaries, astrocytes, and central nervous 

system, PSMA also expresses25. In normal prostate epithelial cells, PSMA is only slightly 

expressed in the cytoplasm and on the apical membrane side of the cell, not on the 

basement membrane side, so it cannot be bound by targeting molecules26. The PSMA 

located in the cytoplasm is the product of the N-terminal truncation of the transmembrane 

protein, called PSM', and its role has not yet been elucidated. In the prostate tissue with 

dysplasia, PSMA can be seen transporting from the apical membrane side to the basement 

membrane side. With the progress of dysplasia and tumor aggressiveness, the expression 

of PSMA on the basement membrane side increases significantly. Studies have shown that 

the higher the Gleason score, the higher the PSMA/PSM’ ratio27. Therefore, PSMA may 

promote tumor invasion and metastasis, but existing studies have not yet clarified its 

mechanism of action. Due to the characteristics mentioned above of PSMA, PSMA is a 

sensitive and specific prostate cancer marker and an important target molecule for the 

diagnosis and treatment of prostate cancer, with good application prospects. 

 

In recent years, ligands targeting PSMA have developed rapidly, which are mainly divided 

into three categories: monoclonal antibodies, aptamers, and small molecule inhibitors. 

Radionuclide-labeled monoclonal antibodies are the earliest PSMA targeting molecules 

used in imaging. For example, 7E11 (111InCYT-356, ProstaScint) is currently the only 

prostate cancer imaging agent approved by the US Food and Drug Administration (FDA)28. 

However, the limitations of monoclonal antibodies are inevitable: potential 

immunogenicity; the considerable molecular weight of the antibody leads to poor tumor 
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tissue permeability; the low uptake rate makes the image quality unsatisfactory29. Aptamer 

A10 is a specific aptamer for PSMA. In vitro experiments have confirmed that the aptamer 

A10 carrying adriamycin and cisplatin can help transport these chemotherapeutic drugs 

into prostate cancer cells to achieve the effect of inhibiting tumor cell growth30. However, 

as oligonucleotides or oligopeptides, aptamers are sensitive to temperature and pH 

changes, making it difficult to label the nuclide. 

 

 

Figure 1-5. (A) The skeleton structure of PSMA small molecule inhibitor Glu-Urea. (B) The 

hydrophobic pocket accessory to the S1 site. The active site bound DCIBzL is in stick 

representation. The dissected substrate-binding cavity of PSMA is shown in semi-

transparent surface representation (gray). The side chains of amino acids delineating the 

“accessory hydrophobic pocket” are shown in stick representation and colored cyan. The 

active-site Zn+2 and S1 bound Cl− are colored blue and represented as a transparent sphere, 

respectively and water molecules are shown as red spheres.  The figure was extracted from 

reference31. 

 

PSMA small molecule inhibitors mainly have three types of groups, namely urea group, 

thiol group and phosphate group. Among them, the urea group with the highest affinity 

has a small molecular weight and high clearance rate, which has been proven to be used 

to diagnose and treat prostate cancer32. Cyril Bafinka and Younjoo Byunt et al.31 designed 

and synthesized GCPII type small molecule inhibitors containing glutamate-urea (Glu-Urea) 

skeleton (Figure 1-5) and evaluated their binding mechanism and binding effect. The 

experimental results prove that the designed and synthesized Glu-Urea framework small 

molecule inhibitor can specifically bind to GCPII. Since GCPII and PSMA have the same 
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enzymatic activity, small molecule compounds containing Glu-Urea backbone can also 

specifically bind to PSMA. Therefore, the use of Glu-Urea small molecule compounds as 

PSMA targeting molecules for molecular imaging of prostate cancer has a good application 

prospect. 

 

Recently, Joey et al.33 reported a prostate-specific membrane antigen (PSMA-1)-targeted 

gold nanoparticle (AuNP-5kPEG-PSMA-1Pc4) for photodynamic therapy of prostate cancer 

(Figure 1-6). In vitro cell uptake experiments showed that PSMA-positive PC3-pip cells had 

significantly higher nanoparticle uptake than PSMA-negative PC3-flu cells. In addition, 

more complete cell killing was observed under different doses of light in Pc3-pip than in 

PC3-flu cells, indicating that Pc4 has active targeting after release. Similarly, in vivo studies 

have shown that tumors expressing PSMA in remission 14 days after PDT. It proves that the 

nano system can provide surgical guidance for prostate tumor resection and therapeutic 

intervention when surgery is insufficient. 

 

 

Figure 1-6. (A) Schematic diagram of PSMA-1 targeting gold nanoparticles containing Pc4 

as imaging agent and PDT agent. (B) Schematic diagram of the structure of the ligand SH-

5kPEG-PSMA-1. (C) Determine the therapeutic effect by monitoring the tumor volume, total 

GFP signal and body weight, respectively. The figure was extracted from reference33. 

 
1.3. Oriented immobilization of antibodies  
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1.3.1. Antibodies and single chain antibody scFv 

 
As critical biological molecules in the immune system, antibodies are mainly secreted by B 

lymphocytes and memory cells. They can specifically bind to specific antigens and play an 

irreplaceable role in the process of identifying, and targeting pathogens. The most common 

antibody in a biological body, such as IgG antibody (~150kDa), consists of two heavy chains 

(H chain) and two light chains (L chain); disulfide bonds generally connect the heavy chain 

and light chain. Through a variety of interactions (hydrogen bond, hydrophobic interaction, 

electrostatic interaction, etc.) stable combination, the overall structure presents a "Y" 

shape34 (Figure 1-7). The antigen binding region is generally located at the end of the two 

arms of the "Y". The amino acid sequence of this region is highly variable and has achieved 

the purpose of identifying different antigens and epitopes, so it is also called the variable 

region. 

 

 

Figure 1-7. Schematic of an IgG antibody and a nomenclature of some of its possible 

fragments. The heavy and light chains are shown in purple and orange respectively. The 

figure was extracted from reference35. 

 

Researchers realize the simplification of traditional antibodies through genetic engineering 

methods. A small molecule antibody-single-chain antibody (scFv) containing only the heavy 

chain's variable region and the light chain's variable region was prepared, connected by a 

flexible peptide linker, with a molecular weight of about 30kDa36. scFv is a small molecule 

antibody with a complete antigenic determinant type, that is, it has all antigen-specific 
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recognition sites and is also a key component of antibody. The molecule is small, and the 

immunogenicity is low. In the construction and expression, smaller molecules are easier to 

obtain, and it is easier to penetrate solid tumors to play a role37-38. At the same time, scFv 

also has excellent operability and can be coupled with polyethylene glycol36, 

chemotherapeutic drugs39, various proteins40, etc., for clinical diagnosis or treatment. 

 

1.3.2. Introduction to oriented immobilization of antibodies 
 

Although there are many ways to immobilize antibodies on the surface of nanoparticles, 

the loss of biological activity after the immobilization of antibodies has always existed. The 

binding of the antibody on the carrier may have different spatial orientations (Figure 1-8). 

Only when the antigenic determinant (Fab end) is far away from the solid surface can it 

more sensitively capture the antigen molecule in the solution and maximum maintain its 

immunological activity. The random orientation will inactivate part of the immobilized 

antibody due to steric hindrance and lose its antigen-binding activity41. For example, the 

traditional method based on antibody amino immobilization is convenient and 

straightforward in operation and does not require special treatment of antibodies. 

However, because lysine is widely present in proteins when the amino group of the protein 

is used to immobilize antibodies, the problem of random spatial fixation and multi-point 

fixation will inevitably occur. The spatial conformation of the immobilized protein changes, 

and the protein is partially or completely inactivated42. 

 

 

Figure 1-8. Schematic of the four possible spatial directions of the antibody on the surface 

of the stationary phase. The figure was extracted from reference41. 

 

Directional immobilization of antibodies can keep the "head" of the antibody in an upward 
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direction without interfering with the immunoreactivity of the antibody antigen, and the 

binding ability of antigen with it is 2-8 times higher than that of antibody with random 

fixation, significantly improving the utility of antibody43. In recent years, the strategy of 

using a site-specific (directed) modification to connect affinity ligands has attracted more 

and more attention. Its advantage lies in the realization of a single-point covalent 

connection between the affinity ligand and the medium through a site-specific chemical 

reaction, which guarantees and retains the homogeneity and activity of the affinity ligand 

to the greatest extent44. To this end, various specific binding methods have been developed, 

such as streptavidin-biotin system, cyclooctyne and azide group clicking chemical 

modification, targeted proteins A and G, containing peptide-mediated protein splicing, the 

introduction of unnatural aldehydes into protein structures, protein tag, etc45-49. Among 

them, the introduction of the protein tag has a negligible impact on the yield of the target 

protein and activity of the target protein, which has the feasibility of production scale-up. 

 

1.3.3. Introduction to SNAP-tag protein 
 

Protein tag refers to a polypeptide or protein expressed by fusion with the target protein 

using DNA in vitro recombination technology to facilitate the expression, detection, 

tracking, and purification of the target protein. With the continuous development of 

technology, researchers have successively developed protein tags with various functions. 

Mainly include: 6xHIS, Flag, GST, c-Myc, eGFP/eCFP/eYFP/mCherryeGFP, HA, SUMO, MBP, 

Avi-tag, SNAP-tag, Halo-tag, etc50-52. Among them, SNAP-tag has developed rapidly due to 

its high specificity, stability, and diversity of ligands and has been widely used in many fields, 

such as protein labeling53 (Figure 1-9). 
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Figure 1-9. Snap-tag technology is used in a variety of biomedical applications, such as in 

vitro cell imaging, in vivo animal imaging, protein isolation and purification, protein 

function studies, determination of protein interactions, single-molecule tracking, protein 

immobilization, and antibody conjugation. The figure was extracted from reference53. 

 

SNAP-tag is obtained from a mutant of human O6-methylguanine-DNA methyltransferase 

(hAGT). In 2003, Johnsson et al.54 developed SNAP-tag protein tags that can specifically 

bind to O6-phenylmethylguanine (BG) by taking advantage of hAGT's ability to transfer the 

alkyl of O6-methylguanine to its active cysteine residue. Related research shows that SNAP-

tag can also identify BG derivatives. SNAP-tag has become a powerful tool for protein 

immobilization and purification by virtue of its high specific recognition and stable covalent 

binding with BG substrate. At present, the primary methods to realize the immobilization 

of SNAP-tag fusion protein through BG functionalization on the solid surface are: 1) 

chemical modification of solid surface based on amino-BG derivatives; 2) supramolecular 

assembly based on a solid surface; 3) directed immobilization of DNA55. 

 

Since SNAP-tag can be efficiently and specifically covalently bound to BG substrates, it can 

be used to modify antibodies by effector molecules, which can overcome the 

disadvantages of current methods for chemically modifying antibodies by effector 

molecules56, so as to achieve uniform antibody labeling and reduce the mutual interference 

between antibody and effector molecules. Davide et al.36 fused the single-chain antibody 
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(scFv) of HER2 with SNAP-tag and used the specific recognition of BG substrate and SNAP-

tag to fix the scFv on the surface of MFN, which can effectively target MCF7 cells with 

expressing HER2 receptor. This method can immobilize peptide ligands that selectively 

target specific cancer cells on nanoparticles and has a universal value for developing 

targeted nanoparticles for biomedical applications. 

 

1.4. Motivation of the study 

 
1.4.1. Study on iodine-labeled carrier for X-ray fluorescence imaging of cells 

 

After the contrast agent enters the body, it can enhance the contrast of organs or tissues, 

thereby obtaining clearer tissue images, which is conducive to the following clinical 

diagnosis and treatment. In X-ray imaging, the most widely used non-ionic iodine-

containing contrast agent in the clinic is that it does not ionize in an aqueous solution and 

has low osmotic pressure. Its toxic and side effects are reduced because the structure does 

not contain carboxyl groups57. Although non-ionic iodine-containing CT contrast agents 

overcome some of the shortcomings of ionic contrast agents, however, such iodine-

containing CT contrast agents generally have disadvantages such as non-specific 

distribution in the body, large doses, short imaging time, and toxicity to blood vessels, 

kidneys, and central nerves58-59, which limit their further application. Although many 

researchers have proposed nanoparticles to solve these problems60-61, few studies have 

explored safe and suitable iodine delivery materials. To explore the best way to deliver 

iodine, we compared the delivery capabilities of different materials, which including: 

labeling iodine on the polymer coating of AuNP; doping in nanoparticles (AgI NP); protein 

delivery iodine—iodine-labeled BSA; polysaccharide delivery iodine—iodine-labeled 

dextran. The purpose of this research is to study the fate of different materials labeled with 

iodine in cells and find out a carrier that can deliver as much iodine as possible to cells, 

providing new directions for the development of iodine-containing contrast agents in the 

future. 
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1.4.2. 3. Evaluation of PSMA targeting AuNP based on Glu-Urea skeleton PSMA small 
molecule inhibitors 

 

As a new prostate cancer biomarker, PSMA is considered the most significant target protein 

for specific immunolocalization imaging diagnosis and immunodetected therapy due to its 

good organ specificity, external segment epitopes of the cell membrane, and high 

expression in androgen-independent prostate cancer cells27, 62. A variety of probes 

targeting PSMA have been prepared, including monoclonal antibodies, peptides, aptamers, 

and small molecule compounds30, 62-64. PSMA small molecule inhibitors have high stability, 

short circulation half-life in vivo, and good tissue permeability, which are more 

advantageous in diagnosing PCa molecular imaging. Mainly include the following three 

categories: (1) phosphate, phosphonite, phosphonate, phosphoramide, and other 

derivatives; (2) mercapto, indole-mercapto, hydroxamic acid, sulfonamide derivatives; (3) 

urea derivatives65. Among them, radionuclide-labeled PSMA urea derivatives (containing 

glutamate-urea-x group) molecular probes have been reported in successful clinical trials66. 

Several strategies have been developed to achieve PSMA targeted prodrugs or 

nanoparticles in recent years, such as peptides, RNA aptamers, and monoclonal antibodies 

(mAbs)33. However, there are few reports on targeted nanoparticles prepared based on 

PSMA small molecule inhibitors. Based on the above, we used mercaptoundecanoic acid 

(MUA) as the spacer chain to obtain the high-density anchoring of AuNP surface with its -

SH end, and at the same time, modified a PSMA small molecule inhibitors containing 

Glutamate-Urea skeleton at the carboxyl-terminal of MUA to construct PSMA targeted 

nanoparticles. The effects of targeting ligands of different lengths on the stability and 

targeting of nanoparticles were investigated to explore the feasibility of using PSMA small 

molecule inhibitors as targeting ligands to prepare PSMA targeted nanoparticles. 

 

1.4.3. Oriented Coupling of Discrete Number of Antibody to AuNPs for targeted labeling cell 

 
With the development of nanotechnology, active targeting nanoparticles are becoming 

more and more popular, where the targeted ligands on the surface can selectively bind the 

overexpressed antigens on the surface of the target cell. Antibodies are widely used in 

targeting ligands, and their targeting efficiency is closely related to the fixation direction67. 
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Random immobilization of antibodies may lead to denaturation of proteins and block of 

active sites, so some or even all biological activities of the immobilized ligands may be 

directly affected by steric hindrance or change of active sites during immobilization41. In 

addition, some studies have pointed out that the tight irreversible (or reversible) binding 

of antibodies and the control of density can affect their targeting efficiency68-70. Although 

there have been studies investigating the impact on targeting efficiency by controlling the 

direction or density of the antibody or the stability of the connection, the strategy of 

orientated immobilization of discrete and precisely controlled numbers of targeted 

biomolecules on the surface of each NP is still largely missing. Importantly, it is not easy to 

find evidence of how the ligand affects the targeting efficiency of the nanoparticles. Here, 

we aim to construct a platform to explore the relationship between the antibody density 

on the surface of NP and the dependence in vitro and targeting efficiency in vivo. To this 

end, we utilized SNAP-tag technology to orient the coupling of the discrete number of 

targeting HER2 receptors scFv on the surface of AuNP, so that each AuNP surface is coupled 

with precisely one or two scFvs. In vitro and in vivo targeting experiments were conducted 

to elucidate the relationship between ligand density and targeting. 
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2. Study on iodine-labeled carrier for X-ray fluorescence imaging of 

cells 

2.1. Introduction 

 
Computer tomography (CT) scan uses X-rays as scanning light to take multiple pictures of 

different cross-sections and then combine these pictures into a complete three-

dimensional image through a computer program while restoring the internal structure of 

the scanned object. CT scans have been widely used in clinical disease diagnosis, 

monitoring, and locating lesions71-72. Since many human body tissues are not visible on X-

ray films, contrast agents are needed to "deepen" them. Non-ionic contrast agents 

containing iodine are mainly used in clinical practice73-74. The characteristic of iodine is that 

it is not transparent to X-rays, which can significantly increase the contrast between the 

tissue and the cavity, and make the image clearer, thereby helping the doctor make a more 

reliable diagnosis. Non-ionic contrast agents are relatively safe, and however, due to the 

large amount of drugs entering the blood in a short period (1 mL of contrast agent contains 

500-760 mg of drugs)75-76, they will not only bring a heavy burden to the kidney, may cause 

contrast nephropathy, but also easily cause allergic reactions, thyroid dysfunction, and 

other side effects77. Therefore, it is necessary to improve the efficiency of iodine labeling 

cells and reduce the dosage of iodine, thereby reducing side effects. 

 

Based on this, the efficiency of different carriers to deliver iodine into cells was studied. We 

investigate the I delivery efficiency in cells of the labeled AuNPs, dextran and bovine serum 

albumin (BSA) preparing by using a small molecular 4-Iodobenzylamine hydrochloride (4IH) 

as iodine source and synthesized iodine-dopped AgI NPs, while iohexol (a contrast agent 

used in hospital) were used as control. We screened which carrier can bring as much as 

possible iodine into cells without killing cells via cytotoxicity, endocytosis, and exocytosis 

experiments. 
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2.2. Major reagents 

 
Name Purity Company 

hydrogen tetrachloroaurate (III) ≥ 99.9% Sigma aldrich 

Sodium citrate ≥ 99% Sigma aldrich 

Silver nitrate ≥ 99% Sigma aldrich 

Sodium iodine  ≥ 99.5% Sigma aldrich 

poly(isobutylene-alt-maleic anhydride) NA Sigma aldrich 

anhydrous tetrahydrofuran ≥ 99.9% Sigma aldrich 

chloroform ≥ 99% Carl Roth 

SH-PEG-CH3O (2000 kDa) NA Rapp Polymer 

1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide 
≥ 97% Sigma aldrich 

4-Iodobenzylamine hydrochloride ≥ 95% Sigma aldrich 

Carboxyl-dextran NA Sigma aldrich 

IODO‐Beads Iodination Reagent NA Thermo Scientific 

Bovine Serum Albumin NA Thermo Scientific 

Sodium dodecyl sulfate NA Sigma aldrich 

Coomassie (Bradford) Protein Assay Kit NA Thermo Scientific 

Nitric acid 67 wt% Fisher Chemical 

Hydrochloric acid 35 wt% Fisher Chemical 

RPMI 1640 medium no phenol red NA Gibico 

Fetal bovine serum NA Gibico 

Penicillin/streptomycin NA Gibico 

Phosphate buffered saline NA Gibico 

0.05% trypsin/EDTA NA Gibico 

Nitric acid 67 wt% Fisher Chemical 

Hydrochloric acid 35 wt% Fisher Chemical 

Resazurin ∼ 80% Sigma aldrich 
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2.3. Key instruments 
 

Name Model Company 

Dynamic light 

scattering (DLS) 
NANO ZS Malvern 

Transmission electron 

microscopy (TEM) 
JEM-1400PLUS HC JEOL, Germany 

UV–Vis absorption 

spectrophotometer 
Agilent 8453 Agilent, USA 

ICP-MS 7700 Series Agilent, USA 

 

2.4. Experiments and methods 

 
2.4.1. Synthesis of iodine-loaded PMA-Au nanoparticles (PMA-Au-I) 

 
2.4.1.1. Synthesis of Hydrophilic AuNPs 

 
The hydrophilic 25 nm AuNPs core was prepared based on the previously reported protocol78. 

First, we need to synthesis 18 nm AuNPs as the seed. 300 mL of sodium citrate (99%, Sigma 

Aldrich, no. W302600) (1.32 mM, 2 mmol, 8.0 eq) was added into a 500 mL three-neck round 

bottom flask that provided with a condenser and heated to boiling on a magnetic stirrer. After 

boiling 5 min, 3 mL of gold (III) chloride trihydrate (HAuCl4, ≥ 99.9%, Sigma Aldrich, no. 520918) 

(25 mM, 0.375 mmol, 1.5 eq) solution was added into flask immediately and further kept 

boiling for another 10 min. In this process, the color change of the solution from light yellow 

to violet and finally to wine-red was observed, indicating the formation of gold nanoparticles 

coated with citrate (Cit-AuNP). Then, the solution was cooled down to 90 °C, secondly, 18 nm 

AuNPs solution as the seed to prepare larger diameter Cit-AuNPs. The solution should keep at 

90 °C during the whole grow procedure. 2 mL of HAuCl4 was added to the solution and stirred 

for 30 min, and this step was repeated twice. Then, 110 mL of AuNPs solution was extracted 

and filled 110 mL of Milli-Q water that contained 2 mL of 60 mM sodium citrate (0.12 mmol, 

4.8 eq) to dilute the solution, which caused the system temperature to drop rapidly; therefore, 

the solution takes ca. 30 min to heat up to 90 °C. After that, the 2 mL HAuCl4 solution was 

injected into the system three times at 30 min intervals as described above, the diameter of 
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25 nm AuNPs were obtained.  

 

2.4.1.2. Synthesis of poly(isobutylene-alt-maleic anhydride)-graft-dodecyl (PMA)  

 
The synthesis of the amphiphilic polymer, PMA, is the same as previously studied79. 3.084 

g (20 mmol) of poly(isobutylene-alt-maleic anhydride) (average Mw ∼ 6000 g/mol of the 

whole polymer, Sigma, no. 531278) was dispersed in 100 mL of anhydrous tetrahydrofuran 

(THF, ≥ 99.9%, Aldrich, no. 186562) as far as possible by ultrasound in a 250 mL round 

bottom flask. Next, 2.70 g (15 mmol) of dodecylamine (DDA, ≥ 98%, Fluka, no. 44170) was 

added to a flask, and the mixture was heated up to 60 °C under stirring and reflux overnight. 

After that, the product was dried under reduced pressure by an evaporator. It was 

dissolved in 40 mL chloroform (≥ 99%, Sigma, no. 372978) and dried under reduced 

pressure. This step was repeated twice to remove residual THF. Finally, PMA was stored in 

40 mL of chloroform (final concentration is 0.5M) for further use. 

 

2.4.1.3. Phase transfer of Cit-AuNPs from water to chloroform 
 

Citrate, as a ligand, is a relatively weak ligand, which is only physically absorbed on the 

surface of AuNPs80, leading to irreversible aggregation of AuNPs in subsequent 

centrifugation, dialysis and other operations; thus, we need to use stronger ligand to 

replace citrate to ensure that AuNPs can keep stable in further processing. Polyethylene 

glycol (PEG), which reduces the absorption of non-specific proteins and enhance 

biocompatibility of nanoparticles, is a well-known ligand that can prolong the circulation 

time of nanoparticles in vivo81-82. In addition, sulfhydryl can form strong Au-S bond with Au 

atom83, thus, the mercapto-PEG is usually employed as PEGylate of Cit-AuNPs. Herein, 2000 

KDa SH-PEG-CH3O (Rapp Polymer, no. 12750-40) was used by us to replace the citrate 

ligand to help AuNPs transfer to chloroform. Simply, SH-PEG-CH3O was dissolved in Milli-Q 

water to obtain 100 mg/mL of PEG solution. Calculation amount of PEG added according 

to CPEG/CNP = 3 × 104, it is note that the amount of PEG added is excess to ensure that the 

surface of each AuNP is capped enough PEG molecule (ca. 5-15 PEG per nm2 of AuNP)78. 

Adjust the pH of the mixture to 8-9 with 2 M NaOH, and stirred at room temperature (RT) 

for at least 3 h.  
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After PEGylation, mixed the solution with 100 mL of chloroform containing DDA. DDA was 

added in excess according to formula: CDDA/CNP = 13 × 106 to ensure that part or all of the 

PEG on the surface of AuNPs were replaced by DDA (DDA-AuNPs)78. The mixture was stirred 

quickly under magnetic stirrer at RT until all AuNPs were transferred to lower layer, 

chloroform phase. After that, the upper layer was trashed and the chloroform phase was 

collected to wash twice by centrifugation at 9000 rpm for 15 min to get residual DDA and 

PEG out.  

 

2.4.1.4. Preparation of PMA coated AuNPs (PMA-Au NPs) 
 

PMA stored in chloroform was added to DDA-AuNPs and mixed well at RT. Then, the 

mixture was placed on a rotary evaporator and dried under reduced pressure at 40°C to 

remove the solvent. This step was repeated three times to get a homogeneous polymer 

coating. For the last time dried, the film in the flask is dissolved in alkaline sodium borate 

buffer (SBB, 50 mM, pH 12) instead of chloroform. The obtained PMA-Au NPs were 

concentrated and washed three times with Milli-Q water by centrifugation at 11000 rpm 

for 15 min. 

 

2.4.1.5. Synthesis of PMA-Au-I by labeling PMA-Au with iodine 
 

Briefly, 1.24 mg of 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, 6.45 mmol, 

Sigma Aldrich, no. E7750) dissolved into 25 nm 2 mL PMA-Au NPs (con.39.5 nM), stirring 5 

min to activate the carboxyl group on the surface of PMA. Then, 0.4 mg of 4-

Iodobenzylamine hydrochloride (4IH, 1.29 mmol, Sigma Aldrich, no.59528-27-7) dissolved 

into 1 mL PB buffer and added into mixture solution, and the solution was stirred at RT for 

24 h. After that, the combined solutions are filled into a 3 kDa centrifuge filter tube (Sigma 

Aldrich, Amicon® Ultra‐4 Centrifugal Filter Unit 3 kDa, no. UFC800324), washed 5 times 

with Milli-Q water (10 min, 8000 rpm) and concentrated. 

 

2.4.2. Synthesis of iodine-loaded Dextran (Dex-I) 

 
The synthesis of Dex-I was similar to the above. 100 mg of Carboxyl-dextran (MW: 12 kDa, 
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8.33 × 10-3 mmol) dissolved in 10 mL PB buffer (pH 6.0), then 120 mg of EDC (62.60 mmol) 

was added into Dextran solution, stirring 5min at RT to mix well. 4IH (100 mg, 37.04 mmol) 

dissolved into 1 mL PB buffer and added into mixture solution, the mixture reacted at RT 

for 24h.  Next, Dex-I solution was washed via an ultrafiltration tube (Sigma Aldrich, Amicon® 

Ultra‐4 Centrifugal Filter Unit 3 kDa, no. UFC800324) 5 times with Milli-Q water (10 min, 

7000 rpm) to remove the unreacted 4IH. 

 

2.4.3. Synthesis of iodine-loaded Bovine Serum Albumin (BSA-I) 

 

The labeling of bovine serum albumin (BSA) is still carried out by the reaction of the 

carboxyl group on the protein with the amino group on 4IH through EDC. Firstly, 100 mg of 

BSA (1.50 × 10-3 mmol, Sigma Aldrich, no. A8806) was dissolved with 15 mL MES buffer (50 

mM, pH 6.0) (Sigma Aldrich, no. M8250). Secondly, 57.51 mg of EDC (0.15 mmol) dissolved 

in 0.5 mL MES buffer (50 mM, pH 6) was added right away into the BSA suspension. The 

carboxylic acid groups of BSA were activated by EDC through stirring the mixture by 

magnetic stirrer from time to time during 10 min incubation time at RT. Thirdly, 3 mL MES 

buffer contained 40.50 mg of 4IH was added into the solution and continued to be stirred 

at RT for 3 h to conjugate amino group on 4IH to BSA. Finally, the mixture transferred into 

a 10 kDa centrifuge filter (Sigma Aldrich, Amicon® Ultra‐4 Centrifugal Filter Unit 10 kDa, no. 

UFC801008) to purify BSA-I, washed with Milli-Q water 5 times by centrifuge to ensure that 

all unreacted 4IH was removed.  

 
2.4.4. Synthesis of AgI nanoparticles 
 

2.4.4.1.  Synthesis of Hydrophilic AgI NPs 
 

The synthesis of hydrophilic AgI NPs referenced previous Rie Makiura’s work84 and made 

some modifications to the synthesis process based on the research of Liu Dandan85. In 

particular, equimolar amount of AgNO3 (Sigma Aldrich, no. 204390-10G) and NaI (Sigma 

Aldrich, no. 409286-10G) aqueous solution were prepared respectively. 109.50 mg of 

AgNO3 dissolved in 10 mL MilliQ water (0.05 M) and 276 mg of NaI dissolved in 30 mL MiliiQ 

water (0.05 M). 100 mL mixed surfactant solution containing 2 mM Sodium dodecyl sulfate 



26  

(SDS, Sigma Aldrich, no. 436143-100G) and 1 mM Tween 20 (Sigma Aldrich, no. P1379-

250ML) was also prepared. Then, the NaI solution was added to mixed surfactant solution 

and shaken gently for 5 min to mix well. The prepared AgNO3 solution was slowly added 

into NaI with mixed surfactants dropwise with stirring in the dark. Holding for an hour, 

afterward, AgI NPs with yellowish opalescence was obtained. Then the solution was 

centrifuged to collect NPs, and NPs were washed with MilliQ-water two times to remove 

surfactant (9000 rpm, 15min).  

 

2.4.4.2.  Phase transfer of AgI NPs from water to chloroform 

 

Ag+ sites on the surface of AgI NPs86, which can interact with thiol-containing molecules to 

form dative bonds to keep NPs stable87. It is also to maintain the same modification process 

with PMA-Au-I to compare the differences between endocytosis and exocytosis. The same 

procedure was carried out with before, after washing, the concentrated AgI NPs was 

redistributed in 50 mL MilliQ water, 200 μl of SH-PEG-CH3O (MW: 2 kDa, 50 mg/mL) (Rapp 

Polymer, no. 12750-40) was added to the solution to PEGylation AgI NPs and stirring at RT 

in the dark for 4 h.  

 

Next, the PEG-capped AgI NPs were mixed with 50 mL chloroform containing 0.2 M DDA 

and stirred overnight for phase transfer. It should be noticed that the whole process needs 

to keep in the dark. When all the AgI NPs were transferred to the chloroform phase, the 

upper water phase became colorless and transparent, and the organic phase containing 

nanoparticles in the lower layer was collected by a liquid separation funnel. The collected 

solution was centrifuged to remove excess DDA (9000 rpm, 15 min). 

 

2.4.4.3.  Preparation of PMA coated AgI NPs 
 

1 mL of 0.5 M PMA and purified DDA-AgI NPs were added into 250 mL round bottom flask 

and gently shaken for 5 min to mix well. Then place the round-bottom flask on a rotary 

evaporator and reduce pressure to dry the solvent at 40°C. After being thoroughly dried, 

re-dissolved the film formed in the bottle in 50 mL chloroform and then dried again under 

reduced pressure to remove the solvent. This step was repeated three times to get a 
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homogeneous PMA coating on the surface of AgI NPs. Notice that after last time drying, 

instead of re-dissolving with chloroform, the film was dissolved by adding 20 mL of SBB 

buffer with pH 12. The bottle was allowed to stand overnight at room temperature to 

ensure that the membrane in the bottle was dispersed entirely in SBB buffer, and then the 

PMA-AgI NPs obtained was centrifuged via an ultrafiltration tube (Sigma Aldrich, Amicon® 

Ultra‐4 Centrifugal Filter Unit 3 kDa, no. UFC800324) to replace the SBB buffer with MilliQ 

water and concentrated for subsequent experiments. 

 

2.4.5. Characterizations of nanoparticles 

 
2.4.5.1. Transmission electron microscopy  

 
Transmission electron microscopy (TEM) of the PMA-Au NPs, PMA-Au-I and AgI NPs were 

obtained using a JEM-1400PLUS HC TEM (JEOL, Germany) at an acceleration voltage of 200 

kV in the bright field image mode. Disperse 2 µL of PMA-Au NPs, PMA-Au-I and AgI NPs 

stock solution in MilliQ water in 2 mL of MilliQ water to dilute to a very light color, 

respectively, and dropped 10 µL of diluted solution onto an ultrathin carbon-coated copper 

TEM grid, dried it at RT and captured images by TEM. 

 

2.4.5.2. Dynamic light scattering and zeta potential 
 

The hydrodynamic diameters of PMA-Au NPs, PMA-Au-I and AgI NPs in solution were 

performed by dynamic light scattering (DLS) instrument (Malvern Zetasizer), as previously 

reported78. A UV-Kuevette, ZH 8.5 mm Deckel (Sarstedt, Germany) was used for the 

measurement, and the instrument is operated at 633 nm of He-Ne laser with a scattering 

angle of 173°. Basically, each sample was diluted 100 times with MilliQ water to a 

concentration of about 0.1 mg/mL. All samples were filtered using 0.2 µm filter membrane 

and allowed to equilibrate for 5 min at 25 °C. Place 1 mL sample into the sample cuvette 

and tap the cuvette to release bubbles before inserting into the instrument. Both of the 

hydrodynamic diameters expressed in terms of intensity and number were recorded. Each 

sample was measured three times to ensure the repeatability of the experiment, and data 

are provided as mean value ± standard deviation (SD). 
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The zeta-potential ζ of NPs at the distance of the electrostatic screening length was 

measured with laser Doppler anemometry (LDA). Usually, DLS devices can also be used for 

LDA testing, but it is worth noting that LDA measurements require a special potential 

cuvette to form electrodes to apply an electric field. Briefly, put 1 mL of the diluted sample 

(CNPs: 0.1 mg/mL) into the potential cuvette, noting that the NP solution must be 

submerged over the electrode plate and ensure no bubbles in the cuvette. The zeta-

potential ζ is taken as mean value ± standard deviation (SD) from the distribution function. 

 

2.4.5.3. UV-vis absorption spectroscopy  
 

UV-vis absorption spectroscopy is a simple and universal method for the characterization 

of colloidal nanoparticles. For that, PMA-Au NPs, PMA-Au-I, and AgI NPs were diluted with 

MilliQ water and placed 1 mL of them to the cuvette, and the absorption spectra 

wavelength from 300 nm to 800 nm was recorded with an Agilent 8453 spectrometer.  

 

2.4.5.4. Concentration of BSA   
 

The concentration of BSA of iodine labeled BSA (BSA-I) was determined according to the 

instructions of the Coomassie (Bradford) Protein Assay Kit (Thermo ScientificTM, no. 23200). 

Firstly, the different concentrations of BSA solution required for the standard curve need 

to be prepared. Refer to Table 2-1 to prepare the standard solution of BSA. Dilute the 

content of one BSA standard (2 mg/mL) into several clean vials, using MilliQ water as the 

diluent. Secondly, equilibrate the Coomassie Reagent solution to room temperature, then 

mix 30 µL of standard curve solution or sample with 1.5 mL of Coomassie Reagent solution, 

and incubate at RT for 10 min. Thirdly, set the spectrophotometer to 595 nm and zero the 

background of the instrument with MilliQ water. Subsequently, put all the samples into 

cuvette and record the absorbance at 595 nm. The 595 nm measurement of the blank 

sample was subtracted from the 595 nm measurement of the other single standard sample 

and unknown sample. The standard curve was plotted by plotting the blank corrected 

mean 595 nm measurement of each BSA standard and its concentration (in μg/mL). The 

standard curve was used to determine the protein concentration of each unknown sample. 
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Table 2-1. Preparation of diluted BSA standard solutions (working range is 100-1500 

μg/mL). 

Vial Volume of diluent  Volume and source of BSA BSA concentration 

A 0 300 μL of stock 2000 μg/mL 

B 125 μL 375 μL of stock 1500 μg/mL 

C 325 μL 325 μL of stock 1000 μg/mL 

D 175 μL 175 μL of vial B dilution 750 μg/mL 

E 325 μL 325 μL of vial C dilution 500 μg/mL 

F 325 μL 325 μL of vial E dilution 250 μg/mL 

G 325 μL 325 μL of vial F dilution 125 μg/mL 

H 400 μL 100 μL of vial G solution 75 μg/mL 

I 400 μL 0 0 μg/mL = blank 

 

2.4.5.5. Iodine concentration in the material measured by ICP-MS   
 

All the prepared iodine-labeled compounds or nanoparticles were diluted 100 times with 

MilliQ water, and 20 μL of each sample were taken out into vials, respectively. 

Subsequently, the samples were digested with 180 μL of aqua regia (v/v, HNO3 : HCl = 1:3) 

overnight. On the following day, the digested samples were diluted with 2 mL 2% HCl (35 

wt%, Fisher Chemical, USA) and transferred to PFA tubes. Then, the prepared samples were 

tested for concentration by ICP-MS (Agilent 7700 Series, USA) with the argon gas as flow. 

 

2.4.6. Colloidal stability of PMA-Au-I and AgI NPs in different media 
 

To investigate the colloidal stability of the synthesized nanoparticles, we evaluated the 

stability of these two nanoparticles, PMA-Au-I and AgI NPs in different media, including 

MliiQ water, PBS, and RPMI 1640 medium containing 10% or 0% fetal bovine serum (FBS) 

(Thermofisher, no. A1049101). For that, the synthesized PMA-Au-I and AgI NPs were 

diluted to 2 mg/mL with fresh MilliQ water and filtered by a 0.22 μm filter membrane 

(Sigma Aldrich, no. GVWP04700). Thereafter, 500 μL of different media were mixed with 

the same volume of diluted NPs solution. The hydrodynamic diameter and UV absorbance 

of each sample at the specific time of 0 h and 24 h were characterized by DLS and UV-vis 

to evaluate the stability of NPs. 
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2.4.7. Cell culture 
 

Human blood (leukemic T-cell lymphoblast) cell line Jurkat were provided by ATCC 

(Manassas, VA, USA) and cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium 

(Thermofisher, USA) supplemented with 10% fetal bovine serum (FBS, Biochrom, Germany), 

100 U/mL penicillin/streptomycin (P/S, Fisher Scientific, Germany) and 10% HEPES buffer 

(1 M, Thermofisher, USA). Cells were cultured in the incubator at 37 °C and 5% CO2. 

 

2.4.8. Cell viability assay 
 

For the in vitro cell viability of Jurkat cells exposed with different iodine-labeled compounds 

and nanoparticles was evaluated with Resazurin assay as previously study88. Briefly, Jurkat 

cells were collected from cultured flask by centrifugation and cell suspension at a density 

of 2.4 × 105 was prepared with fresh medium. Then, different concentrations of iodine-

labeled compound and nanoparticles (iohexol, BSA-I, Dex-I, PMA-Au-I and AgI NPs) based 

on iodine concentration were prepared with fresh cell medium. A series of exposure 

concentrations of Jurkat cells are shown in the Table 2-2. It is worthy to notice that Jurkat 

cells are suspended cells and cannot adhere to the wall. Still, when the cells need to be 

exposed to materials, the cells or culture medium cannot be taken out separately, so when 

preparing the cell suspension or exposure solutions, it needs to be prepared at a 

concentration that is twice the set concentration. 100 μL of the prepared cell suspension 

and exposure solution were respectively taken and mixed them in a 96-well plate (Sarstedt, 

Germany) with a growth area of 0.32 cm2 per well and incubated for 24 h. After the expose 

time, cells were collected from each well into Eppendorf tubes and washed with phosphate 

buffered saline (PBS, Gibco, Invitrogen, Belgium) three times (0.2 mL per time). Resazurin 

stock solution was performed by dissolving resazurin salt (Sigma Aldrich, no. R7017) in PBS 

at a concentration of 0.2 mg/mL. The working concentration of the resazurin was obtained 

by mixing resazurin stock solution with fresh RPMI 1640 medium containing 10% FBS (v/v, 

10:1). The washed cells were resuspended in 100 μL of resazurin working solution and re-

placed in a new 96-well plate. The plate was incubated in an incubator at 37 °C for 4 h until 

the resazurin working solution turned pink. After that, each well of the fluorescence 
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spectrum of emission from 570 nm to 620 nm was collected by fluorescence meter 

(Fluorolog‐3, Horiba Jobin Yvon, USA) with the excitation at 560 nm. The fluorescence 

absorption value at the wavelength of 585 nm was selected for cell viability analysis, and 

the following formula was used for calculation: V% = (Vsample – Vblank) / (Vcontrol –Vblank) × 100%. 

Experiments were performed in independent triplicates, each experiment was with 

different generations of cells and incubations were done on different days. 

 

Table 2-2. The concentration CI of iodine compound, iodine-labeled compounds and 

nanoparticles used in the cell viability assay. The concentrations are presented as mass 

concentration (mg/mL), molarity concentration (μmol/L) of the iodine.  

sample 
Concentration range 

CI (mg/mL） CI (μmol/L） 

iohexol 1.22 × 10-4 – 64.00 9.61 × 10-1 – 5.04 × 105 

BSA-I 1.56 × 10-4 -1.60 × 10-1 1.23 – 1.26 × 103 

Dex-I 9.76 × 10-5 – 8.00 × 10-1 7.69 × 10-1 – 6.30 × 103 

AgI 2.95 × 10-5 – 1.21 × 10-1 2.32 × 10-1 – 9.53 × 102 

PMA-Au-I 7.81 × 10-6 – 8.00 × 10-3 6.15 × 10-2 – 63.00 

 
2.4.9. Cellular uptake study 
 

As previously reported, iodine labeling efficiency in Jurkat cells exposed to iodine-

compound, iodine-labeled compounds and nanoparticles were assessed by inductively 

coupled plasma mass spectrometry (ICP-MS, Agilent 7700 Series)88-89. Dilute the collected 

cells with fresh RPMI 1640 medium supplemented with 10% FBS into a cell suspension with 

a density of 3.6 × 106 cell/mL, and 1 mL of cell suspension was seeded in a 6-well plate 

(ThermoFisher, Germany) with a growth area of 9.6 cm2 per well. Then, prepare expose 

solutions of twice the concentration series set as shown in the Table 2-2. Take 1 mL of the 

exposure solution of each concentration into a 6-well plate that has added 1 mL of cell 

suspension, gently shake the plate horizontally to mix the exposure solution and cells 

evenly, then put the plate in the incubator incubated at 37 °C for 24 h. After the exposure 

time, the cell solution in each well was transferred to labeled vials, respectively, and the 

exposure solution was discarded after centrifugation at 300 RCF for 5 min. Subsequently, 
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cells were washed three times with 1 mL PBS each time. Next, the cell pellet of each 

concentration was dispersed in 1 mL PBS respectively, and 10 μL of the cell suspension was 

diluted with PBS 10 times, then the cells of each concentration were counted with a cell 

counting chamber (Neubauer Chamber, Celeromics Technologies, Spain). The 

centrifugation was carried out again at 300 RCF for 5 min to get the cell pellets, which were 

further digested and prepared ICP samples. For that, after collecting the cell pellets, added 

75 μL of HNO3 (67 wt%, Fisher Chemical, USA) to each sample to lyse the cells overnight. 

On the second day, 150 μL of HCl (35 wt%, Fisher Chemical, USA) was added to digest 

overnight. Finally, completely digested samples were diluted with 2 mL of 2% HCl (35 wt%, 

Fisher Chemical, USA) and moved to PFA tubes prior at detecting the amount of iodine 

internalized in Jurkat cells by ICP-MS.   

 

2.4.10.  Cell exocytosis study 
 

To investigate the long-term labeling efficiency, intracellular retention of iodine-labeled 

materials, the amount of intracellular and extracellular iodine was assessed after Jurkat 

cells were exposed to iodine-labeled materials according to our group’s previously 

published protocols89. Fresh RPMI 1640 containing 10% FBS was used to dilute the cells 

collected from the culture flask by centrifugation to a cell suspension with a density of 3.6 

× 106 cell/mL. Then, 1 mL of cell suspension was mixed with 1 mL of the prepared exposure 

solution, which was twice of the set exposure concentration, and placed into a 6-well plate 

with a growth area of 9.6 cm2 per well. The 6-well plate was cultured at 37 °C with 5% CO2 

for 24h. The specific concentrations of the iodine compound, iodine-labeled compounds 

and nanoparticles used in the exocytosis assay are indicated in Table 2-3. At the end of 

exposure, the exposure solution was centrifuged at 300 RCF for 5 min to discard. Cells were 

washed three times with 1 mL fresh PBS to remove the iodine-labeling materials remaining 

in the culture medium as well as absorbed on the cell surface without being internalized by 

the cells. Cell pellets at every concentration of each material and supernatant after washing 

three times were collected and set as control (t=0 h). Note that extracellular iodine is not 

removed during the removal of the exposure solution and would be counted as exocytic 

iodine during the ICP-MS measurement. After that, the cells were re-suspended in 2 mL 
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fresh RPMI 1640 medium containing 10% FBS and placed into a new 6-well plate for further 

incubation at 37 °C and 5% CO2 for 24 h, 48 h and 72 h. After the cell culture for the specific 

time was over, both of medium and cells in each well were transferred together to the 

labeled Eppendorf tubes of sample’s name. The supernatant and cells were collected by 

centrifugation at 300 RCF for 5 min. The cells were dispersed in 1 mL of fresh PBS, and 10 

μL of cell suspension was taken and diluted 10 times with 990 μL of PBS for cell counting 

using cell counting chamber (Neubauer Chamber, Celeromics Technologies, Spain). The 

processing of cell pellets for ICP-MS measurement is as described above, this part is the 

content of iodine that is still internalized by the cell and not secreted extracellularly after 

the desired time of incubation. The iodine content in the collected cell supernatant is as 

exocytosis fraction of iodine. Briefly, the 150 μL of supernatant was digested overnight with 

150 μL of Aqua Regia, then samples were diluted with 1 mL of 2% HCl (35 wt%, Fisher 

Chemical, USA) and centrifuged at 9000 rpm for 5 min to remove the precipitate, and 

transferred to the PFA tube for ICP-MS detection. The results are expressed as the 

percentage of the mass of the exocytosis iodine (m_Iexo) in the total mass of intracellular + 

supernatant iodine (m_Itot = m_Ipel + m_Isup). Exocytosis experiments of iohexol, AgI NPs 

and BSA-I were conducted six times independently, and Dex-I and PMA-Au-I were 

conducted nine times independently. 
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Table 2-3. The working concentration CI of iodine compound, iodine-labeled compounds and 

nanoparticles used in the exocytosis assay. The concentrations are presented as mass 

concentration (mg/mL), molarity concentration (mmol/L) of the iodine. 

sample 
Concentrations used 

CI (mg/mL) CI (mmol/mL) 

iohexol 

4 31.50 

8 63.00 

16 126.00 

AgI NPs 

0.002 0.016 

0.004 0.032 

0.008 0.064 

BSA-I 

0.01 0.079 

0.02 0.16 

0.04 0.32 

PMA-Au-I 

0.00025 0.002 

0.0005 0.004 

0.001 0.008 

Dex-I 

0.0125 0.1 

0.025 0.2 

0.05 0.4 

 
 

2.5. Results and discussions 

 
2.5.1. Synthesize and characterization of different materials labeled with iodine 

 
In this study, PMA-Au NPs with a diameter of 25 nm were synthesized as described in 

previous our group’s work78. Simply put, according to Baster’s modified protocol, gold 

nanoparticles with a diameter of 18 nm covered by citrate were first obtained as seeds. 

After that, 1 mL of 25 mM HAuCl4 solution was added every 30 min, and the mixture was 

kept at 90 °C. The added Au (III) ions would continue to grow on the surface of seed AuNPs 

under the reducing action of sodium citrate until AuNPs with a diameter of 25 nm were 

obtained. The chemical reaction formula of sodium citrate to reduce gold salt is as eq 1. 

The Au NPs were transferred to the organic phase by phase transfer, and at the same time, 

the weaker ligand citrate was replaced with the ligand DDA which can form strong Au-S 

coordination bond with the gold surface. Then, PMA is used to coat the outer surface to 

obtain PMA-Au NPs that can be stably dispersed in water and has modifiable properties. 

Finally, 4IH was conjugated to PMA via EDC to achieve iodine labeling, and PMA-Au NPs 
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were performed as a delivery vehicle for iodine. Meanwhile, in order to evaluate which 

method has a higher iodine delivery efficiency, whether the iodine is labeled on the outer 

layer of the NP or the NP doped with iodine. Therefore, we synthesized AgI NPs and used 

the same method for phase transfer to obtain DDA-capped AgI NPs, and finally coated them 

with PMA.    

 

n ˖ HAuCl4 (aq) + n ˖ (-OCOCH2)2 C(OH)COO-)(aq) → 4n ˖ Cl- (aq) + 4n ˖ H+ (aq) + Au0 n +  

n ˖ (-OCOCH2)2 CO(aq) + n ˖ CO2 (↑)                                                                                         (1)          

 

 

Figure 2-1. Representative TEM images of a) PMA-Au NPs, b) PMA-Au-I NPs and c) PMA-

AgI NPs. TEM figures were captured by Dr. Marta Gallego Gonzalez form CIC 

BiomaGUNE. d)-f), the respective histogram of size distribution of inorganic core diameter 

dC. The mean value ± standard deviation (SD) of a) PMA-Au NPs, b) PMA-Au-I NPs and c) 

PMA-AgI NPs were dc = 24.72 ± 2.88 nm, 24.99 ± 3.53 nm and 29.72 ± 4.85 nm, respectively. 

 

Firstly, the morphology of two NP was characterized by TEM. As shown in Figure 2-1a, b, c, 

both PMA-Au NPs and AgI NP are spherical in appearance. The inorganic core of PMA-Au 

NPs, PMA-Au-I and PMA-AgI NPs was 24.72 ± 2.88 nm, 24.99 ± 3.53 nm and 29.72 ± 4.85 

nm, respectively. The corresponding histogram (Figure 2-1d, e, f) also showed that both 

two NPs have uniformly distributed granular diameters. In addition, hydrodynamic 
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diameter and particle size distribution are also commonly used to evaluate NP, which are 

usually obtained by using DLS measurement. The original results obtained by the DLS test 

are all calculated by light intensity. Therefore, the data read by the intensity distribution 

curve is the most original, and the other two (volume distribution and number distribution) 

are calculated based on it. Here, we use intensity distribution and number distribution to 

characterize its hydration dynamic diameter and distribution. As shown in Figure 2-2a, b, c, 

d and 2-3a, b, c, d, the hydrodynamic diameter of PMA-Au NPs, PMA-Au-I, AgI NPs and 

PMA-AgI NPs expressed by intensity distribution were 90.5 ± 1.64 nm, 98.7 ± 2.75 nm, 103.5 

± 3.86 nm and 141.1 ± 2.85 nm, respectively. And the number distribution of PMA-Au NPs, 

PMA-Au-I, AgI NPs and PMA-AgI NPs was 28.7 ± 1.14 nm, 29.1 ± 2.75 nm, 32.7 ± 3.86 nm 

and 35.8 ± 2.85 nm, respectively. The numerical values of number and intensity distribution 

are not consistent due to different calculation formulas. However, both intensity and 

number distribution showed one peak of two NPs, indicating that a narrow size distribution. 

PMA has a lot of active carboxyl groups, when the surface of NP was coated with PMA, the 

outer layer of NP would also be capped with the number of carboxyl groups, and the whole 

NP would show a negative charge. As shown in Figure 2-4a, b, the surface potentials of 

PMA-Au-I, AgI NPs were -32.4 ± 4.32 mV and -38.6 ± 3.68 mV, respectively.  

 

The optical properties of PMA-Au NPs, PMA-Au-I, AgI NPs and PMA-AgI NPs were 

characterized by UV-Vis. Some of metal nanoparticles (i.e., AuNPs, AgNPs), due to plasma 

resonance, produce a characteristic peak in the ultraviolet absorption spectrum, and the 

change of size or composition would make the characteristic peaks shift. The UV absorption 

peak of PMA-Au NPs (Figure 2-5a) with a metal core of 25 nm is 525 nm, which is consistent 

with the UV absorption peak of PMA-Au-I (Figure 2-5b) with a metal core of the same size, 

which means that coupled of 4IH containing iodine to the outer PMA does not effect on its 

optical properties. Similarly, the UV absorption peak of AgI NPs before and after PMA 

coating did not change, which was 423 nm. The UV results coincided with the results of 

TEM and DLS. 

 

In order to investigate the effects of materials with different properties on the efficiency 

of iodine delivery, we also used 4IH, a small molecule containing iodine, and labeled it with 



37  

protein (BSA) and sugar (dextran). In addition, iohexol, a contrast agent used in hospitals, 

was used as a control. Therefore, we used the amino groups contained in BSA, amino-

containing dextran and carboxyl-containing 4IH to carry out an amide reaction through EDC 

to synthesize iodine-labeled BSA and dextran, which were BSA-I and Dex-I. We also 

performed DLS and UV detection on the other three compounds, BSA-I, Dex-I and iohexol, 

as part of their characterization. Iohexol is a small molecule with a molecular weight of 

821.138 and is soluble in water. Dextran is a polymer of glucose, a viscous substance similar 

to starch and dextrin produced by microorganisms. In this study, carboxyl group dextran 

with a molecular weight of 12,000 Dalton was used. These two compounds cannot self-

assemble in water, so they cannot be veracious DLS test (Figure 2-2e, f and Figure 2-3e, f). 

The ζ potential of iohexol and Dex-I were -1.1 ± 1.16 mV and -5.7 ± 1.35 mV (Figure 2-4c, 

d). BSA is a globulin with a molecular weight of about 66.5 kDa and a large number of amino 

and carboxyl residues on the surface. BSA would give a size at 8.15 nm via DLS (Figure 2-2g 

and Figure 2-3g). The ζ potential of BSA-I was 1.41 ± 2.37 mV (Figure 2-4e). In addition, 

iohexol, Dex-I and BSA-I were characterized by UV-Vis to obtain ultraviolet absorption 

spectrum. The results showed in Figure 2-5e, f, g, iohexol and Dex-I have a significant 

absorption before 350 nm wavelength, but no characteristic peak appears. There is a 

maximum absorption peak at 595 nm for the BSA-I.        
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Figure 2-2. Number hydrodynamic distribution N(dh) of the hydrodynamic diameter dh of a) 

PMA-Au NPs, b) PMA-Au-I, c) AgI NPs, d) PMA-AgI NPs, e) iohexol, f) Dex-I, g) BSA-I.  

 

 

Figure 2-3. Intensity distribution I(dh) of the hydrodynamic diameter dh of a) PMA-Au NPs, 

b) PMA-Au-I, c) AgI NPs, d) PMA-AgI NPs, e) iohexol, f) Dex-I, g) BSA-I.  
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Figure 2-4. ζ potential distribution N [ζ] of a) PMA-Au-I, b) PMA-AgI NPs, c) iohexol, d) 

Dex-I, e), BSA-I.  

 

 

Figure 2-5. UV-Vis spectra of a) PMA-Au NPs, b) PMA-Au-I, c) AgI NPs, d) PMA-AgI NPs, 

e) iohexol, f) Dex-I, g) BSA-I.  
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2.5.2. Determination of iodine concentration in each compound 
 

The concentration of iodine in each compound can be quantified by ICP-MS. ICP-MS is an 

inorganic multi-element analysis technology that uses inductively coupled plasma as an ion 

source and mass spectrometry for detection. Before the samples enter the instrument for 

detection, it needs to be completely digested with strong acid to ensure that the substance 

to be measured in the form of aerosol or gas into the high-frequency electric field, and 

form ions under the action of the rapidly changing electric field, M→M+. The measured 

iodine content in each compound is shown in Table 2-4. Iohexol was purchased from UKE 

hospital and the concentration of iodine was 300 mg/mL. Among them, PMA-Au-I has the 

lowest iodine labeling efficiency, with a labeling rate of only 0.07, which means that each 

AuNP surface is labeled with less than one iodine molecule. AgI NPs are silver-doped iodine 

nanoparticles with a molar ratio of iodine to the silver of 0.61. The molar ratio of iodine to 

dextran in Dex-I is 2.87, which means that each dextran is labeled with 2.87 iodine 

molecules. BSA uses EDC method to covalently labeled iodine molecules on BSA, with a 

labeling efficiency of 4.19. BSA has the highest labeling efficiency, with an average of 4 

iodides per BSA molecule.  

 

Table 2-4. The content and proportion of iodine in each compound. The CI is presented as 

mass concentration (mg/mL) and millmolarity concentration (mM) of the iodine. The CC is 

presented as mass concentration (mg/mL) and millmolarity concentration (mM) of the 

carrier (i.e., BSA, dextran, Au, Ag). 

sample CI (mg/mL) CI (mM) CC (mg/mL) CC (mM) CI /CC 

Dex-I 2.53 19.92 83.3 6.94 2.87 

AgI NP 17.84 140.47 24.69 230.74 0.61 

PMA-Au-I 0.35 2.76 7.37 37.41 0.07 

BSA-I (EDC) 1.26 9.92 157.52 2.37 4.19 
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Figure 2-6. a) UV-Vis spectra of standard curves of different concentrations of BSA, and b) 

the corresponding curve formula.  

 

2.5.3. Stability test of PMA-Au-I and AgI NP 
 

The stability of nanoparticles is inseparable from their effective cellular uptake rate. To this end, we 

evaluated the stability of PMA-Au-I and AgI nanoparticles in different media, including MilliQ-water, 

PBS and complete cell culture medium (containing 10% FBS). The stability of nanoparticles was 

evaluated by the change of UV absorption spectrum and particle size at different time points in 

different media. Both synthesized AgI NP and PMA-Au-I can keep stable in water, which can be 

verified from the number distribution and intensity distribution of the two kinds of NP DLS (Figure 

2-7, 2-8, 2-9, 2-10) that the hydrodynamic diameter didn’t change within 24 h. The complete 

coincidence of the UV absorption spectra of AgI NP and PMA-Au-I (Figure 2-11) in water at 0 h and 

24 h also confirms this fact. As we all know, the biological behavior of colloidal particles depends 

not only on their stability in water but also on, more importantly, their stability in a solution that 

simulates the environment in vivo (i.e., cell culture medium)90. Because of its complex buffer 

composition and abundant protein, which is closer to the cell growth environment. As shown in 

Figures 2-7, 2-8, 2-9, 2-10, 2-11, AgI NP and PMA-Au-I remain stable in the RPMI 1640 medium 

containing 10% FBS, and the size of both has no significant change compared with that in water. 

Moreover, the UV absorption peaks of both NP at 0 h and 24 h have no change, demonstrating that 

they were stable in the cell medium and suitable for in vitro labeling of cells. However, in a high-

concentration salt solution such as PBS, since the charge of electrolyte would neutralize the surface 

charge of NP, if most of the charge carried by the surface of the NP is neutralized, the stabilization 

of the colloidal charge is destroyed, and the NP are prone to aggregation. The poor reproducibility 

of the quantitative distribution of AgI NP hydration dynamic diameter indicates that its stability in 
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PBS is not very good. When PMA-Au-I uses PBS as the medium, the broadening of the UV absorption 

peak also shows that it aggregates in PBS. 

 

 

Figure 2-7. At 0h and 24 h, number hydrodynamic distribution N(dh) of the hydrodynamic 

diameter of AgI NP in MilliQ-water, PBS and RPMI 1640 (supplement 10% FBS).  

 

 

Figure 2-8. At 0h and 24 h, intensity hydrodynamic distribution I(dh) of the hydrodynamic 

diameter of AgI NP in MilliQ-water, PBS and RPMI 1640 (supplement 10% FBS).  
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Figure 2-9. At 0h and 24 h, number hydrodynamic distribution N(dh) of the hydrodynamic 

diameter of PMA-Au-I in MilliQ-water, PBS and RPMI 1640 (supplement 10% FBS). 

 

 

Figure 2-10. At 0h and 24 h, intensity hydrodynamic distribution I(dh) of the hydrodynamic 

diameter of PMA-Au-I in MilliQ-water, PBS and RPMI 1640 (supplement 10% FBS). 
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Figure 2-11. At 0h and 24 h, UV-Vis spectrum of PMA-Au-I and AgI NP in MilliQ-water, 

PBS and RPMI 1640 (supplement 10% FBS). 

 

2.5.4. Cell viability assay 
 
The toxicity of the compound to cells determines when it is used for treatment or diagnosis. 

Here, we used an acute T-cell leukemia cell line, Jurkat cells, to evaluate the toxicity of various 

materials in vitro. The resazurin assay, as well known as the Alamar Blue assay. Living cells with 

metabolic activity can reduce non-fluorescence resazurin to resorufin, which possess strong 

fluorescence, while dead cells cannot91. The stock resazurin solution was diluted with RPMI 

1640 to a final working concentration of 0.02 mg/mL, and incubated with cells, which were 

exposed to different concentrations of different materials for 24 h, for 3-4 h until the solution 

turned pink. The viability rate of the cells can be obtained by comparing with blank and 

untreated cell groups. As shown in Figure 2-12, none of materials showed cytotoxicity at low 

concentrations. Among them, iohexol showed (Figure 2-12a) the best performance, the 

concentration of non-cytotoxic up to 32 mg/mL, until the concentration increased to 64 mg/mL, 

the cell viability decreased to 35.00 ± 2.88%. Furthermore, Dex-I showed lower toxicity, which 

was cytotoxic when the concentration was above 0.1 mg/mL, and the cell viability was 89.02 ± 

2.88% when the concentration was 0.1 mg/mL. While the concentration of Dex-I is higher than 

0.1 mg/mL, Dex-I exhibits cytotoxicity, which may be caused by the toxicity of dextran, because 

the corresponding concentration of dextran is about 3.3 mg/mL. This is consistent with previous 

reports that when dextran is lower than 3 mg/mL, it has no cytotoxic effect on normal human 

dermal fibroblasts92.  
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Figure 2-12. Cell viability of Jurkat cell after exposed to a) iohexol, b) Dex-I, c) AgI, d) 

PMA-Au-I, e) BSA-I for 24h in RPMI 1640 medium as measured by resazurin assay. f) The 

cell viability of AgI NP and PMA-Au-I was compared at the same concentration of Ag or Au. 

Cell viability was expressed as the fluorescence intensity of cells incubated with different 

compounds normalized to that of untreated control cells. Results are showed as percent cell 

viability [%] (mean) ± standard deviation (s.d.) from 3 independent experiments (n=3). 

 

BSA is a non-toxic protein, but it possessed cytotoxic after being labeled with iodine. BSA-I 

showed relatively high cytotoxicity. When the concentration was lower than 0.04 mg/mL, the 

cell viability was higher than 100%, while the concentration was 0.08 mg/mL, the cell viability 
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decreased sharply, only 28.64 ± 6.68%. The two kinds of NPs, AgI NP and PMA-Au-I, showed 

higher cytotoxicity when combined with iodine due to their inherent cytotoxicity. Although the 

cytotoxicity of AgNP was higher than that of AuNP93, PMA-Au-I showed higher cytotoxicity than 

that of AgI NP because the iodine molecule was labeled on the surface coating polymer of 

AuNPs and the labeling efficiency was much lower than that of doped nanoparticles, AgI NP. 

AgI NP showed cytotoxicity at a concentration of 0.03mg/mL and the cell activity were 55.26 ± 

7.73%. In comparison, PMA-Au-I showed cytotoxicity at a concentration of 0.004mg/mL and 

the cell activity were 2.73 ± 1.32%. 

 

2.5.5. Cell uptake study 
 

The intracellular accumulation is essential for judging whether the compound is suitable for in 

vitro cell labeling. It is well known that the more iodine is internalized into cells, significantly 

above the detection line, the easier it is to analyze the amount of iodine in each cell, and iodine-

loaded materials are potential candidates. In order to screen out the most suitable materials 

for carrying iodine, we investigated the cellular uptake of different iodine-labeled materials 

under a series of concentrations, and the concentration settings were the same as the cell 

viability test. The uptake of external substances by cells is mainly carried out through 

endocytosis. Endocytosis refers to the process of forming vesicles through the invagination of 

the plasma membrane of the cell, wrapping and importing external substances into the cell. It 

is a way of transporting substances by the plasma membrane of the cell. According to the size, 

material state, and degree of specificity of the input, endocytosis is generally divided into three 

types: phagocytosis, pinocytosis, and receptor-mediated endocytosis94.  

 

After cells were exposed to iodine labeling materials with different concentrations for 24h, cells 

were collected and counted, and then the concentration of iodine in the cell pellet was 

quantified by ICP-MS to obtain the mass of internalized iodine in each cell. The exposure 

concentration of all materials is determined by the concentration of iodine in the material. All 

materials, except PMA-Au-I, showed concentration-dependent endocytosis, that is, the higher 

the concentration, the more iodine internalized in the cell, as shown in Figure 2-13. Combined 

with the results of previous cell viability, PMA-Au-I has no significant changes in endocytosis 
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within a safe concentration range (Figure 2-13d). When the iodine concentration in PMA-Au-I 

is 0.002 mg/mL, the amount of iodine in each cell is 0.00204 ± 0.0004 pg. While the exposure 

concentration of iodine is 9.75 × 10-7 mg/mL, the amount of iodine in each cell is 0.00299 ± 

0.0007 pg. Iodine-containing molecules are labeled on the PMA polymer in the outer layer of 

PMA-Au nanoparticles by an amide reaction with a labeling efficiency of about 0.07 iodine per 

nanoparticle, and the amount of iodine atoms per nanoparticle is much lower than the number 

of gold atoms. In addition, considering that high concentrations of gold nanoparticles can cause 

damage to the cells95, so the exposed iodine concentration is lower, which is one of the possible 

reasons for the lower endocytosis of the cells. The endocytosis of gold nanoparticles by cells is 

limited, contributing to the lower efficiency of iodine internalization. In addition, the 

performance of dextran as a carrier for delivering iodine is also unsatisfactory. Within the entire 

working concentration range, the cellular uptake of Dex-I was not significantly different from 

the corresponding concentrations of PMA-Au-I NP and iohexol. When the lowest working 

concentration of Dex-I is 9.80 × 10-5 mg/mL, the content of iodine in each cell is 0.0008 ± 0.0005 

pg, and when the cells are exposed to the highest concentration of Dex-I, the cell uptake is 

0.045 ± 0.0032 pg. The low uptake rate of Dex-I by cells may be due to the low labeling rate of 

iodine. Each dextran is labeled with about 3 iodine molecules. 

 

Compared to PMA-Au-I, the iodine-doped AgI NP performed much better. Endocytosis of AgI 

NP at the highest concentration (iodine concentration 0.121 mg/mL) could reach 44.94 ± 1.79 

pg per cell, which is much higher than the endocytosis of iohexol (0.019 ± 0.006 pg per cell) at 

the same concentration, as shown in Figure 2-13a, c, f, but the toxicity is far greater than that 

of iohexol. However, within the safe concentration range (less than 0.0151 mg/mL), the 

endocytosis of AgI (0.726 ± 0.062 pg per cell) is still the highest among all materials, much 

higher than the commercially available contrast agent iohexol (0.0024 ± 0.0006 pg per cell). 

When the AgI concentration is lower than 0.00024mg/mL, the endocytosis of the cells is the 

lowest and reaches the plateau, which is 0.0136 ± 0.0002 pg per cell. The above results indicate 

that using iodine-doped nanoparticles maybe is a promising way to deliver as much iodine as 

possible into cells.  
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Figure 2-13. Cell endocytosis of Jurkat cell after exposed to different concentration of a) 

iohexol, b) Dex-I, c) AgI, d) PMA-Au-I, e) BSA-I for 24h in RPMI 1640 medium as measured 

by ICP-MS. f) The summary of endocytosis of iodine in different materials. X-axis refer to I 

concentration. Results are showed as percent cell viability [%] (mean) ± standard deviation 

(s.d.) from 3 independent experiments (n=3). Error bars are omitted for clarity and 

presented as average value. The ICP-MS was operated by our groupmate Yang Liu, and 

data was collected and analysis by myself. 

 

The next best performer in cellular endocytosis was iodine-labeled BSA, BSA-I. The variation of 

their cellular endocytosis showed a strong linear relationship with the variation of BSA-I 
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concentration. In the whole concentration range, the endocytosis of BSA-I was higher than that 

of the other three materials, PMA-Au-I, Dex-I and iohexol, which was comparable to the 

endocytosis of AgI NP in the same concentration range (Figure 2-13f). At the highest 

concentration of BSA-I, 0.16 mg/mL, the endocytosis of iodine is 2.23 ± 1.26 pg per cell, but the 

cell viability at this concentration is only 18%. This may be since the properties of BSA have 

changed after being labeled with iodine. Compared with BSA, it has higher cytotoxicity. This 

may be subject to a follow-up investigation. The maximum concentration within the safe range, 

0.04 mg/mL, the amount of iodine in each cell is 0.38 ± 0.18 pg. Although it is significantly lower 

than the endocytosis of AgI NP at the same concentration, it is almost 70 times the endocytosis 

of iohexol. Notably, even with BSA-I at the lowest concentration of 1.6 × 10-4 mg/mL, the 

amount of iodine per cell was 0.0095 ± 0.0071 pg, which was significantly higher than that of 

the other four materials and approximately four times greater than the amount endocytosed 

of AgI NP. 

 

2.5.6. Cell exocytosis study 

 
As a delivery vehicle for contrast agent iodine and delivering as much iodine as possible 

into the cell, it must also be able to stay in the cell for a long time to complete the 

subsequent X-ray fluorescence imaging. In order to examine the ability of candidate 

carriers to retain time in cells, we performed exocytosis of each material at different time 

points at 24, 48, and 72 h. Exocytosis is the opposite process of endocytosis. Cells will 

discharge small or large molecules in the cell through vesicles and fusion with the cell 

membrane, and release them into the extracellular matrix. The amount of iodine remaining 

in the cell can be obtained by detecting the concentration of iodine outside the cell, such 

as in the culture medium. Three of the safe concentrations were selected to investigate the 

exocytosis of each vector in the cell. After the cells were exposed to the carrier for 24 hours, 

the iodine concentration in the supernatant and the cell pellets were detected after 24, 48, 

and 72 hours of continue cultured. The amount of iodine within 24 h after cell exposure is 

used as the start of the exocytosis experiment, that is, t=0, the mass of iodine in the cell 

pellet should correspond to that of iodine at the corresponding concentration in the 

endocytosis experiment. As shown in Figure 2-14, this hypothesis has also been verified the 
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iodine endocytosis of the four materials iohexol, AgI NP, PMA-Au-I and BSA-I when t=0 is 

consistent with the corresponding endocytosis results. As shown in Figure 2-14b, the 

endocytosis of Dex-I exocytosis is inconsistent with previous endocytosis experiments, 

which may be caused by the low concentration of iodine in the cells and significant errors 

in detection.  

 

Next, the amount of iodine of intracellular and extracellular after 24, 48 and 72 h of exocytosis 

was investigated to compare the intracellular retention capacity of each vector. In terms of 

changes in iodine amount in the cell pellet (Figure 2-15), iohexol showed the most rapid 

decrease at both high and low concentrations in Figure 2-15a. The amount of iodine in the cell 

pellet exposed to 4 mg/mL of iohexol was 2.27 ± 0.23 ug at t=0, but decreased to 0.35 ± 0.071 

ug after 24 h of exocytosis, and to 0.13 ± 0.050 ug and 0.046 ± 0.024 ug after 48 h and 72 h, 

respectively. After 72 h of exocytosis, the iodine content in cell blocks was only 2.1 ± 0.93% 

(Figure 2-18a) of the total mass, and compared with t=0, the amount of iodine in each cell 

decreased by 97.93%, leaving only 0.013 ± 0.007 ug (Figure 2-20a) per cell. While the iodine 

content of cell clumps exposed to high concentration of iohexol, i.e. 16 mg/mL, decreased from 

7.33 ± 0.61 ug at t=0 to 2.03 ± 0.30 ug, 0.79 ± 0.21 ug and 0.22 ± 0.053 ug after 24, 48 and 72 

h of exocytosis, respectively (Figure 2-15a). The iodine content in the cell pellet decreased from 

81.4 ± 2.9% at t=0 to only 2.5 ± 0.5% of the total mass at 72 h in Figure 2-18a. Accordingly, the 

iodine content in each cell decreased from 2.04 ± 0.17 ug to 0.061 ± 0.014 ug, which decreased 

by 97% (Figure 2-20a). Correspondingly, the iodine content in the cell supernatant of the 

iohexol group increased with the increase of exocytosis time. As shown in Figure 2-16a, the 

iodine content in the supernatant of 4 mg/mL increased from 0.18 ± 0.017 ug at t=0 to 2.15 ± 

0.32 ug after 72 h of exocytosis, and its proportion in the total mass increased from 7.04 ± 0.56% 

to 97.93 ± 0.93% (Figure 2-19a); the iodine content in the supernatant in the 16 mg/mL group 

increased from 1.67 ± 0.27 ug to 8.76 ± 0.59 ug after exocytosis of 72 h (Figure 2-16a), which 

percentage in the total mass of iodine was increased by 80.9% to 97.5 ± 0.53% (Figure 2-19a). 

The above results indicated that small molecular contrast agent, iohexol, has a short retention 

time in cells, and 60% to 70% of iohexol would be excreted to extracellular within 24 h.  
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Figure 2-14. The corresponding endocytosis in exocytosis of Jurkat cell after exposed to 

different concentration of a) iohexol, b) Dex-I, c) AgI, d) PMA-Au-I, e) BSA-I for 24h in RPMI 

1640 medium as measured by ICP-MS. f) The summary of corresponding endocytosis in 

exocytosis of iodine in different materials. X-axis refer to I concentration. Results are showed as 

percent cell viability [%] (mean) ± standard deviation (s.d.) from 3 independent experiments 

(n=3). Error bars are omitted for clarity and presented as average value. The ICP-MS was 

operated by our groupmate Yang Liu, and data was collected and analysis by myself. 

 

The other four carriers were glucose polymers, proteins and nanoparticles, all of which were 

macromolecules. The results of the exocytosis experiment showed that they remained in cells 

for a relatively long time. Among them, AgI NP has a lower exocytosis rate at low concentration, 
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namely exposure to 0.002 mg/mL, compared with medium concentration and high 

concentration, as shown in Figure 2-15c, 2-18c. The amount of iodine in cell clumps decreased 

from 66.5 ± 20.7% of the total mass ratio at t=0 to 22.1 ± 10.7% after 72 h of exocytosis, a 

decrease of 44.4%. The exocytosis rate was higher after 0.004 mg/mL and 0.008 mg/mL AgI NP 

treatment. The iodine content in cell pellet decreased from 0.35 ± 0.027 ug and 0.67 ± 0.18 ug 

at the beginning of exocytosis to 0.09 ± 0.018 ug and 0.22 ± 0.03 ug after 72 h of exocytosis, 

respectively. The percentage in total mass decreased by 62.9% and 55.8%, respectively. It is 

worth noting that the intracellular iodine amount of AgI NP and iohexol treated cells decreased 

most rapidly within 24 h, and then decreased at a slower rate within 48 or 72 h, so that the 

intracellular iodine amount of AgI NP treated cells during exocytosis for 48 and 72 h did not 

show significant changes. AgI NP-treated cells had a higher amount of iodine in the supernatant 

at t=0 (Figure 2-16c, 2-19c), especially in the low-concentration group, the iodine content in 

the supernatant was 0.052 ± 0.046 ug, accounting for 33.5 ± 20.7% of the total mass. This may 

be caused by accidentally separating a small part of the cells into the supernatant when 

separating the supernatant and cells at t=0.  

 

A similar situation also appeared in the exocytosis experiments of Dex-I and PMA-Au-I NP-

treated cells, which were shown in Figure 2-16b, d and 2-19b, d. Because of the low iodine 

labeling rate of these two carriers, the error in detecting the amount of iodine in the cells was 

large, and nine independent repeated experiments were carried out. Among them, the cells 

with PMA-Au-I internalized after 72 hours of exocytosis, the three concentrations from low to 

high, the intracellular amount of iodine decreased by 22.5%, 18% and 15.1%, respectively 

(Figure 2-18d). The exocytosis rate of cells exposed to Dex-I was lower than that of PMA-Au-I, 

and the intracellular amount of iodine decreased by 11.3%, 12.3% and 18.4% from high to low 

concentrations, respectively (Figure 2-18c). Although most Dex-I and PMA-Au-I NPs can stay in 

the cell for a long time, their internalization amount is small, and the error produced in the 

detection is relatively large. It is particularly noteworthy that the amount of iodine in the 

supernatant of the two groups is much higher than that in the cells (Figure 2-16b, d and 2-19b, 

d). On the one hand, because the iodine concentration in the supernatant is too low, the error 

of the iodine concentration obtained during the detection is relatively large, and multiplied by 

the large volume of the supernatant, the final result is much higher than the iodine content in 

the cell. On the other hand, the carrier may be adsorbed on the cell surface, so the 
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uninternalized iodine cannot be completely removed by washing at t=0, and the iodine 

adsorbed on the cell surface falls off into the supernatant in the subsequent cell culture process. 

 

Among the evaluated iodine-labeled carriers, the amount of iodine of BSA-I treated cell 

internalization at t=0 is the highest among the four carriers except iohexol, as shown in Figure 

2-15e. The endocytosis at the three concentrations of BSA-I was 0.36 ± 0.078 ug, 0.61 ± 0.06 

ug and 1.23 ± 0.25 ug, respectively, and their proportions in the total mass are 87.1 ± 6.9%, 

88.7 ± 5.2% and 88.5 ± 7.2%, respectively (Figure 2-18e). After 24 hours of exocytosis, the 

amount of iodine in the cells only decreased by about 10%, and the mass of iodine in the cell 

clumps was 0.30 ± 0.055 ug, 0.49 ± 0.055 ug and 1.07 ± 0.22 ug, respectively (Figure 2-15e and 

2-18e). Although the mass of intracellular iodine in cell pellet treated with BSA-I was not as 

good as iohexol at t=24 h, it was much higher than the mass of intracellular iodine in cells 

treated with other carriers at exocytosis 24 h, and its exocytosis rate was significantly lower 

than that of iohexol. In addition, even after 72 h of exocytosis, the cells treated with 0.01 

mg/mL, 0.02 mg/mL and 0.04 mg/mL of BSA-I still contained 52.2 ± 9.0%, 63.6 ± 6.6% and 57.7 

± 5.9% of the total mass of iodine, respectively. Compared with t=0, the mass percentage of 

the intracellular iodine decreased 34.9%, 25.1% and 30.8%, respectively. Although the decrease 

rate of intracellular amount of iodine is not as low as that of Dex-I and PMA-Au-I NP, the final 

intracellular amount of iodine is the highest among the five compounds, which were 0.22 ± 

0.032 ug, 0.39 ± 0.024 ug and 0.79 ± 0.036 ug, respectively (Figure 2-15e). These results indicate 

that BSA has potential advantages as an iodine carrier, with high amount of cell internalization 

and low cell efflux rate. 
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Figure 2-15. The exocytosis of Jurkat cell after exposed to different concentration at the 

indicated doses cI for 24 h (see the table of Table 2-3). The mass of iodine in the cell pellet, 

a) iohexol, b) Dex-I, c) AgI, d) PMA-Au-I, e) BSA-I, was measured by ICP-MS at the 

following 24, 48 and 72h. Results are showed as mean ± standard deviation (s.d.) from 3 

independent experiments (n=3). The ICP-MS was operated by our groupmate Yang Liu, and 

data was collected and analysis by myself. 
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Figure 2-16. The exocytosis of Jurkat cell after exposed to different concentration at the 

indicated doses cI for 24 h (see the table of Table 2-3). The mass of iodine in the supernatant, 

a) iohexol, b) Dex-I, c) AgI, d) PMA-Au-I, e) BSA-I, was measured by ICP-MS at the 

following 24, 48 and 72h. Results are showed as mean ± standard deviation (s.d.) from 3 

independent experiments (n=3). The ICP-MS was operated by our groupmate Yang Liu, and 

data was collected and analysis by myself. 
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Figure 2-17. The exocytosis of Jurkat cell after exposed to different concentration at the 

indicated doses cI for 24 h (see the table of Table 2-3). The total iodine mass (mpellet + 

msupernatant) of a) iohexol, b) Dex-I, c) AgI, d) PMA-Au-I, e) BSA-I, was measured by ICP-MS 

at the following 24, 48 and 72h. Results are showed as mean ± standard deviation (s.d.) from 

3 independent experiments (n=3). The ICP-MS was operated by our groupmate Yang Liu, 

and data was collected and analysis by myself. 
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Figure 2-18. The exocytosis of Jurkat cell after exposed to different concentration at the 

indicated doses cI for 24 h (see the table of Table 2-3). The amount of iodine in cell pellet as 

a percentage of total iodine of a) iohexol, b) Dex-I, c) AgI, d) PMA-Au-I, e) BSA-I, at the 

following 24, 48 and 72h. Results are showed as percent cell viability [%] (mean) ± standard 

deviation (s.d.) from 3 independent experiments (n=3). The ICP-MS was operated by our 

groupmate Yang Liu, and data was collected and analysis by myself. 
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Figure 2-19. The exocytosis of Jurkat cell after exposed to different concentration at the 

indicated doses cI for 24 h (see the table of Table 2-3). The amount of iodine in supernatant 

as a percentage of total iodine of a) iohexol, b) Dex-I, c) AgI, d) PMA-Au-I, e) BSA-I, at the 

following 24, 48 and 72h. Results are showed as percent cell viability [%] (mean) ± standard 

deviation (s.d.) from 3 independent experiments (n=3). The ICP-MS was operated by our 

groupmate Yang Liu, and data was collected and analysis by myself. 
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Figure 2-20. The exocytosis of Jurkat cell after exposed to different concentration at the 

indicated doses cI for 24 h (see the table of Table 2-3). The amount of iodine in per cell of 

a) iohexol, b) Dex-I, c) AgI, d) PMA-Au-I, e) BSA-I, at the following 24, 48 and 72h. Results 

are showed as percent cell viability [%] (mean) ± standard deviation (s.d.) from 3 

independent experiments (n=3). The ICP-MS was operated by our groupmate Yang Liu, and 

data was collected and analysis by myself.  
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2.6. Conclusion 
 
X-ray imaging is one of the most widely used non-invasive imaging diagnostic techniques, 

which has been used in clinic for more than half a century. In order to enhance the contrast 

of soft tissues, a variety of CT contrast agents have been developed. At present, the most 

widely used water-soluble contrast agents in clinical practice are all derivatives of 

triiodobenzene ring, such as iohexol, iopamidol, iopromide, etc. However, since these 

contrast agents are small molecules containing iodine, the circulation time in the body is 

short, and the use of large doses leads to severe adverse reactions such as contrast-

nephropathy, thyroid dysfunction, and allergies, which greatly limits their clinical 

application7. In the past decade, a great deal of research has been focused on the 

development of iodinated small molecules for clinical use into iodinated nanoparticles to 

prolong the circulation time of iodine in the body and increase its tissue permeability and 

retention time, including emulsions96-97, liposomes98, lipid proteins99, polymer 

nanoparticles100, etc. The primary purpose of these nanomaterials is to increase the iodine 

concentration in tissues so that the contrast can be higher than that of conventional water-

soluble CT contrast agents. In addition, some studies have introduced metal and inorganic 

nanoparticles with high X-ray absorption properties into iodine contrast agents to increase 

their contrast performance101-102. For example, gold has attracted wide attention due to its 

higher atomic number than iodine and the photoelectric effect that contributes to X-ray 

attenuation. Many contrast agents based on Au nanoparticles are used for in vivo X-ray CT 

imaging102-103. Although there have been many ways to improve iodine-containing contrast 

agents, no research has shown which is the best way to deliver iodine, and the search for 

suitable iodine delivery vectors is essential for developing contrast agents that increase 

iodine concentration in tissues or organs for more efficient imaging. 

 

This study investigated the efficiency of different carriers to deliver iodine into cells. First, 

BSA-I, Dex-I, AgI NP, and PMA-Au-I were synthesized by labeling iodine on proteins, glucose 

polymers and nanoparticles, respectively. The materials were characterized by UV, DLS, 

and TEM. The results showed the stability of iodine-labeled nanoparticles PMA-Au-I and 

AgI NP in the cell culture medium (with 10% FBS). The content of iodine in each material 
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was detected by ICP-MS, and the molar ratio of iodine to the carrier from high to low was 

BSA-I (4.19), Dex-I (2.87), AgI NP (0.61) and PMA-Au-I (0.07). Subsequent cell activity assay 

determined the toxicity of each carrier to Jurkat cells, that is, the highest safe 

concentrations of iohexol, Dex-I, AgI NP, PMA-Au-I and BSA-I are 32 mg/mL, 0.1 mg/mL, 

0.008 mg/mL, 0.002 mg/mL and 0.04 mg/mL respectively. The uptake of iodine by Jurkat 

cells after exposure to a series of different vectors at different concentrations was 

measured by ICP-MS. The results showed that when Jurkat cells were exposed to the same 

concentration range of iodine, the internalization of AgI NP and BSA-I was significantly 

higher than that of iohexol, Dex-I and PMA-Au-I NP, and the iodine uptake showed a linear 

relationship with the concentration (Figure 2-14f). At low concentrations of AgI NP, the 

internalized iodine content of cells is not as evident as that of BSA-I compared to iohexol. 

For example, when the AgI NP concentration is 4.7 × 10-4 mg/mL, the amount of iodine in 

each cell is 4.7 times that of iohexol, and when the BSA-I concentration is 3.1 × 10-3 mg/mL, 

the intracellular iodine content is 10.6 times higher than that of iohexol. Although the 

endocytosis of AgI NP at high concentration is much higher than that of other materials, 

including BSA-I. However, Ag+ is ionized in the cell, which is more toxic, resulting in its 

maximum safe concentration of 0.008 mg/mL. At this concentration, the iodine content is 

0.22 pg/cell, 58.6 times that of iohexol. The safe concentration of BSA-I is higher than AgI 

NP, and the iodine content in each cell is 0.38 pg at 0.04 mg/mL, 103.7 times that of iohexol. 

 

A carrier suitable for X-ray fluorescence imaging not only needs to be able to deliver as 

much iodine as possible into the cell, but also needs to remain in the cell long enough to 

meet the time required for imaging. Exocytosis showed that at least 60% of iohexol could 

be excreted by cells within 24 h, which was consistent with previous studies that iohexol 

was rapidly cleared from the circulatory system and vascularized tissues in vivo as a 

contrast agent104. AgI NP had a higher exocytosis rate, and about 40% of the iodine was 

excreted from the cells at 24 h, which may be because Ag nanoparticles are easy to 

dissociate into Ag+ in the cells105, which not only increases cytotoxicity, but also causes the 

loss of I ions. Although PMA-Au-I NP and Dex-I showed the lowest exocytosis rate, the 

amount of iodine in cell pellets only decreased by 22.5% at most after exocytosis 72 h. The 

low labeling rate of these two vectors resulted in the too little intracellular amount of 
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iodine and too large error in detection. However, the intracellular iodine mass of BSA-I was 

only reduced by about 10% within 24 h. Even after 72 h of exocytosis, the intracellular 

iodine mass was reduced by about 30%, and the amount of iodine retained in the cells was 

still the highest. In summary, although iohexol has the lowest toxicity to cells, its cellular 

uptake is low, especially at low concentrations, and its clearance rate is high. In contrast, 

BSA-I not only exhibits a significantly higher cellular uptake than other carriers, but also can 

remain in the cell for a longer period of time, indicating that BSA is a potential candidate 

for iodine delivery carriers. Therefore, BSA is the most excellent iodine delivery carrier in 

this study, which can not only deliver as much iodine into cells as possible, but also reduce 

the efflux of iodine by cells, prolonging the iodine angiography time, and provide the 

possibility for subsequent cell tracing by X-ray fluorescence imaging. 
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3. Evaluation of PSMA targeting AuNP based on Glu-Urea skeleton 

PSMA small molecule inhibitors 

3.1. Introduction 

 
Prostate cancer (PCa) is the malignant tumor with the highest incidence of the male 

reproductive system106. Early diagnosis of prostate cancer is of great significance to the 

prognosis of patients, but the current imaging technology has problems such as low 

sensitivity and poor specificity for the diagnosis of early prostate cancer107. Along with the 

development of molecular biology, found that the antigens associated with PCa tumor 

occurrence, development and biological markers, namely the prostate specific membrane 

antigen (PSMA), which is not only on the surface of PCa cells and tumor angiogenesis has 

high expression, and its expression level was positively correlated with tumor classification 

stage24, 108, widely used in the diagnosis and treatment of PCa targeted study. Compared 

with traditional iodinated molecular contrast agents, AuNPs have a higher atomic number 

and X-ray absorption coefficient, and AuNPs have a longer blood vessel retention time, 

making them suitable for imaging applications. More recently, multiwalled carbon 

nanotubes and superparamagnetic iron oxide nanoparticles have been functionalized with 

PSMA ligand or the diagnosis and treatment of PCa109-110. Here, we report the synthesis and 

characterization of PSMA-targeted AuNPs and the investigation of targeting prostate 

cancer cells. Using 11-mercaptoundecanoic acid (MUA) as a spacer to obtain a high graft 

density of ligands on AuNPs, coupling PSMA-I to its carboxyl end gives AuNPs targeting. 

AuNPs coated with MUA were used as a control. Since the MUA chain length is only 1-2 nm, 

the size of PSMA-I may hinder the insertion of the motif into the binding pocket of the 

receptor. To account for this, we synthesized a set of additional ligands with an additional 

6-aminohexanoic acid (AHX) spacer: MUA-AHX-PSMA-I, and MUA-AHX-GPI with alternative 

binding motifs, and MUA-AHX-Glu with terminal glutamic acid were used as another 

control without binding motifs. The above synthesized ligands bind to the surface of AuNPs 

through Au-S bonds, and we investigated their stabilizing effect on AuNPs and their 

targeting ability in vitro. 
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3.2. Major reagents 

 
Name Purity Company 

DMEM medium no phenol red NA Gibico 

Fetal bovine serum NA Gibico 

Penicillin/streptomycin NA Gibico 

Phosphate buffered saline NA Gibico 

0.05% trypsin/EDTA NA Gibico 

Nitric acid 67 wt% Fisher Chemical 

Hydrochloric acid 35 wt% Fisher Chemical 

 

3.3. Key instruments 

 
Name Model Company 

Dynamic light 

scattering (DLS) 
NANO ZS Malvern 

Transmission electron 

microscopy (TEM) 
JEM-1400PLUS HC JEOL, Germany 

UV–Vis absorption 

spectrophotometer 
Agilent 8453 Agilent, USA 

ICP-MS 7700 Series Agilent, USA 

 

 

 

3.4. Experiments and methods 

 
3.4.1. Characterization of AuNPs modified with different ligands 

 
3.4.1.1. TEM of different batches of AuNPs used in this study 

 
The ligands MUA, MUA-PSMA-I (PSMA-I), MUA-AHX-PSMA-I, MUA-AHX-GPI, MUA-AHX-Glu 

and AuNPs modified with these ligands were provided by Dr. Florian Schulz from the 

Faculty of Chemistry, Universität Hamburg and Center for Hybrid Nanostructures (CHyN). 
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For the modified AuNPs, the morphology and particles size of the core were observed by 

TEM. Simply, 10 µL of the diluted and evenly dispersed aqueous solution of AuNPs was 

gently dropped on a copper grid with carbon film, dry them naturally at room temperature, 

and put into transmission electron microscopy (TEM, JEOL, Germany) to take images and 

the histogram of particles size was analyzed by software ImageJ and Origin. 

 

 

Figure 3-1. Structures of the ligands used in the experiments. 

 

3.4.1.2. DLS and UV-vis  

 
The hydrodynamic diameters dh and UV adsorption of various ligands-modified AuNPs 

were characterized by dynamic light scattering (DLS, Malvern ZS, England) and Ultraviolet–

visible spectroscopy (UV‐Vis). For that, each sample was diluted 50 times with MIlliQ water 

to a final volume of 2 mL. The sample was filtered using a filter membrane with a pore size 

of 0.22 µm and put in UV Kuevette, ZH 8.5 mm Deckel (Sarstedt, Germany) to equilibrate 

at 25 °C for 5 min, and then perform particles size measurement at 173 ° backscatter setting 

and a 633 nm laser. 

 

Similarly, before the UV absorption spectra of AuNPs modified with different ligands were 

obtained, it is necessary to dilute the sample was diluted with MilliQ water to a suitable 
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concentration, and centrifuged at a low speed (e.g., 2000 rpm for 5 min) or filtered with a 

0.22 µm filter membrane to remove impurities. Then transferred samples to UV Kuevette 

to collect the ultraviolet absorption spectra in the range of 300-800 nm wavelength using 

an Ultraviolet–visible spectroscopy (UV‐Vis, Agilent 8453). 

 

3.4.2. Colloidal stability of AuNPs modified with different ligands in different media  

 
In order to evaluate the sedimentation of colloidal nanoparticles used in this experiment 

before conducting the in vitro experiment, the stability assay of AuNPs modified with 

different ligands dispersed in different media for 0 h and 24 h was performed. The 

investigated media include MilliQ water, PBS and cell medium (Dulbecco Modified Eagle 

Medium, DMEM) containing 10% fetal bovine serum (FBS). Simply, 10 µL of stock AuNPs 

solution was taken out and gently mixed into a cuvette containing 990 µL MilliQ water or 

PBS or DMEM supplement with 10% FBS, respectively. Stability was evaluated both by DLS 

and UV-vis at different incubation times of 0 h and 24 h. Firstly, the changes of absorption 

peaks of AuNPs modified with different ligands in different media at different time points 

were observed through UV-vis. Secondly, the changes of hydrodynamic diameter of AuNPs 

modified with different ligands in different media were measured by DLS. 

 

3.4.3. Cell line and cell culture 

 
PC3-PIP cells with (PC3+PSMA) and PC3 cells without (-PSMA) overexpression of the PSMA 

receptor were kindly provided by Dr. Elisabetta Gargioni of Department of Radiotherapy 

and Radiation Oncology, University Medical Center Hamburg-Eppendorf. PC3+PSMA cell 

and PC3-PSMA cell were cultured in Dulbecco's Modified Eagle's Medium (DMEM, 

Thermofisher, USA) supplemented with 10% fetal bovine serum (FBS, Biochrom, Germany) 

and 100 U/mL penicillin/streptomycin (P/S, Fisher Scientific, Germany) at 37 °C and 5% CO2. 

 

3.4.4. Cellular uptake study by ICP-MS 
 

Cellular uptake experiments were conducted based on protocols described previously111. 

PC3+PSMA and PC3-PSMA cells were planted into 6-well plates with bottom growth area of 

9.6 cm2 at a density of 2 × 105 cells/well with volume of 2 mL containing serum medium (10% 
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fetal bovine serum, FBS), and were allowed to attach overnight. The next day, the old cell 

medium was removed and the cells were exposed to 2 mL fresh medium containing the 

according to nanoparticles. The exposure concentrations of AuNPs used in the experiment 

are shown in Table 3-1. The plate was incubated at 37 °C for 24 h or 48 h. After the exposure 

time, the nanoparticle solution was removed and cells were washed with 2 mL PBS three 

times. Then, 0.3 mL trypsin, ethylenedia-minetetraacetic acid (EDTA) (0.01% trypsin–EDTA) 

was added to detach the cells from the plate bottom and transferred to Eppendorf tubes. 

After centrifugation at 300 RCF for 5 min, cells were resuspended in 1 mL PBS, and 10 μL of 

this solution was diluted 10 times to count the cell number using a cell count chamber 

(Neubauer Chamber, Celeromics Technologies, Spain). Cells were then collected again by 

centrifugation. For digestion, 75 μL HNO3 was added and the sample left overnight to lyse 

the cells, then 150 μL HCl was added to digest the AuNPs. Finally, the samples were further 

diluted (1:10) with 2 wt% HCl before measuring the elemental concentration of Au in the 

sample with ICP-MS. The Au-concentrations of all nanoparticle solutions used for uptake 

experiments were also determined with ICP-MS to calculate the uptake. By dividing the 

detected mass of elemental gold by the number of cells in the sample, the amount of 

internalized AuNPs per cell could be given as mAu [pg/cell]. Experiments were performed in 

independent triplicates; each experiment was with different generations of cells and 

incubations were done on different days. 

 

Table 3-1. The concentrations of different ligands modified AuNPs used for cell uptake 

experiments. The concentrations are presented as mass concentration (mg/mL) of the Au. 

sample CAu (mg/mL) 

MUA 1.47 × 10-3 -9.40 × 10-2   

PSMA-I 1.47 × 10-3 -9.40 × 10-2   

MUA-AHX-PSMA-I 1.47 × 10-3 -9.40 × 10-2   

MUA-AHX-GPI 1.47 × 10-3 -9.40 × 10-2   

MUA-AHX-Glu 1.47 × 10-3 -9.40 × 10-2   
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3.5. Results and discussions 

 
3.5.1. Characterization of the different ligands modified AuNPs 

 

A transmission electron microscope (TEM) was used to analyze the particle size and 

morphology of the obtained AuNPs. The TEM image is shown in Figure 3-2. It can be seen 

from the figure that the prepared AuNPs are spherical in appearance and uniform in particle 

size. The average particle size of AuNPs is calculated to be 11.5 ± 0.79 nm. We verified it by 

UV absorption spectroscopy. UV-vis absorption spectroscopy is one of the primary methods 

for studying gold nanoparticles. The number, position and intensity of its characteristic 

absorption peaks are related to the size, morphology and chemical environment of the gold 

nanoparticles. With the increase of particle size, the corresponding peak value of colloid 

nanoparticles would appear to a certain degree of redshift112. Generally, gold nanoparticles 

have strong absorption peaks at 500-600 nm113. The result is shown in Figure 3-3a. AuNPs 

have a maximum absorption peak at 516 nm, which is the typical surface plasmon 

resonance ultraviolet absorption characteristic of gold nanoparticles. In addition, the peak 

shape is symmetrical and the half-width is narrow, indicating that the prepared gold 

nanoparticles have a narrow particle size distribution. In addition, at room temperature, the 

particle size and distribution of colloidal gold solution were analyzed by Malvern particle 

Size analyzer, and the obtained particle size distribution of AuNPs was shown in Figure 3-

3b. The result showed the particle size distribution of AuNPs is relatively uniform, with an 

average particle size of about 13.5 ± 1.53 nm, which is larger than that observed by TEM. 

This may be because the overlapped particles in the gold nanoparticles or the charged layer 

on the surface of the AuNPs interfere with the particle size analyzer so that the measured 

particle size is relatively large. 
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Figure 3-2. a) Exemplary TEM measurements of different AuNP batches used in this study. TEM 

figures were obtained from Dr. Florian Schulz from the Faculty of Chemistry. Histogram of particle 

size in two TEM images of lower panel, the mean value ± standard deviation of b) and c) sample 

were dC = 11.41 ± 0.71 nm and 11.67 ± 0.86 nm, respectively. 

 

Figure 3-3. a) UV-vis spectra and b) DLS particle size distribution of AuNPs in TEM. 

 

3.5.2. Stability of AuNPs modified with different ligands in different media 

 

To apply nanoparticles in the field of biomedicine, it is essential to investigate the stability 

of nanoparticles in the in vivo or in vitro environment. We investigated the stability of 
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AuNPs functionalized with different ligands which synthesized based on MUA to target 

PSMA protein in different solutions, including MilliQ-water, PBS and cell culture medium 

DMEM supplemented with 10% FBS. The surface plasmon resonance characteristics of 

AuNPs are susceptible to the spacing between particles. The well-dispersed gold 

nanoparticles are wine-red, the UV absorption peak is around 520 nm, and the half-peak 

width is narrow. After aggregation, it is blue or black, and its corresponding characteristic 

peak shows the phenomenon of red shift or widening and the absorption intensity 

decreases significantly. Therefore, we can judge whether the particles have aggregated by 

observing the state of the characteristic absorption peak of the surface plasma of AuNPs114. 

Figure 3-4 shows the UV-Vis absorption spectra of AuNPs with different surface 

modifications for 24 hours in different solutions. In Figure 3-4a, the MUA-modified AuNPs 

are only stable in water, while in PBS, the UV absorption peak appears broadened and a 

certain degree of redshift occurs. In DMEM, the stability of MUA is worse, and the 

ultraviolet absorption peak not only appears red-shifted and broadened, but also becomes 

two peaks. These results indicate that the irreversible aggregation of MUA occurs in PBS 

and DMEM. Also unstable in DMEM are AuNPs modified by MUA-AHX-Glu, as shown in 

Figure 3-4e, in DMEM, the stability of MUA-AHX-Glu is significantly reduced. Agglomeration 

occurs continuously with the extension of time, not only the maximum absorption peak 

splits into two peaks, but also the absorbance value is continually reduced to complete 

precipitation. In contrast, the UV absorption peaks of PSMA-I, MUA-AHX-PSMA-I and MUA-

AHX-GPI in MilliQ-water, PBS and DMEM showed good reproducibility (Figure 3-4b, c, d). 

In particular, the UV absorption peaks of PSMA-I and MUA-AHX-PSAM-I almost wholly 

overlap, indicating that these two ligands can keep AuNPs stable in water or cell medium. 

However, the UV absorption peak of MUA-AHX-GPI is red-shifted from 520 nm to 533 nm 

in DMEM, indicating that there will be a small amount of aggregation in DMEM. The 

different performance of AuNPs modified by different ligands in cell culture media may be 

due to the difference in the surface charge of AuNPs caused by the different ligands, and 

the protein concentration required to maintain a stable concentration is also different115. 

The coagulation of MUA and MUA-AHX-Glu in the cell culture medium may be since the 

free protein on the surface of AuNPs is not enough to form a protein corona that 

completely "encapsulates" a single NP, so that they can overcome charge repulsion and 
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approach each other to cause aggregation116-117. 

 

Figure 3-4. Absorbance spectra of a) MUA, b) PSMA-I, c) MUA-AHX-PSMA-I, d) MUA-AHX-GPI 

and e) MUA-AHX-Glu dispersed in different media: water (H2O), PBS, and cell medium (Dulbecco 

Modified Eagle Medium, DMEM) at different waiting times (0 and 24 h). Broadening of the plasmon 

peak and scattering effects indicate significant agglomeration of the nanoparticles. 

 

We used DLS to detect the changes in hydrodynamic diameter (dh) of each ligand-modified 

AuNPs in MilliQ-water, PBS and DMEM at different time points to further verify the stability. 

The results are shown in Figures 3-5, 3-6, 3-7, 3-8 and 3-9. The DLS test results are 

consistent with the UV results. PSMA-I and MUA-AHX-PSMA-I can remain stable in the 
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presence of FBS. Due to the formation of protein corona, the particle size of MUA-AHX-GPI 

is larger than that in water. DLS results show that the most unstable ones are still MUA-

AHX-Glu and MUA, which have apparent precipitation formation in DMEM. However, it 

should point out that in Figure 3-5, MUA has agglomeration in PBS, which is contrary to its 

UV spectrum. This may be because the aggregated large particles sink to the bottom, and 

the solution was not shaken evenly during the UV detection, and the UV wavelength failed 

to irradiate the aggregated large particles. 

 

 

Figure 3-5. Hydrodynamic diameters of MUA dispersed in different media: water (H2O), PBS, and 

cell medium (Dulbecco Modified Eagle Medium, DMEM) at different waiting times (0 and 24 h). 
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Figure 3-6. Hydrodynamic diameters of PSMA-I dispersed in different media: water (H2O), PBS, 

and cell medium (Dulbecco Modified Eagle Medium, DMEM) at different waiting times (0 and 24 h). 

 

 

Figure 3-7. Hydrodynamic diameters of MUA-AHX-PSMA-I dispersed in different media: water 

(H2O), PBS, and cell medium (Dulbecco Modified Eagle Medium, DMEM) at different waiting times 

(0 and 24 h). 
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Figure 3-8. Hydrodynamic diameters of MUA-AHX-GPI dispersed in different media: water (H2O), 

PBS, and cell medium (Dulbecco Modified Eagle Medium, DMEM) at different waiting times (0 and 

24 h). 

 

 

Figure 3-9. Hydrodynamic diameters of MUA-AHX-Glu dispersed in different media: water (H2O), 

PBS, and cell medium (Dulbecco Modified Eagle Medium, DMEM) at different waiting times (0 and 

24 h). 
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3.5.3. Cellular uptake study by ICP-MS 

 
In order to evaluate the targeting of each ligand, PC3+PSMA cells (overexpress PSMA 

protein) and PC3-PSMA cells (not express PSMA protein) were exposed to different 

concentrations of MUA, PSMA-I, MUA-AHX-PAMA-I, MUA-AHX-GPI and MUA-AHX-Glu 

ligand-modified AuNPs for 24 h and 48 h, respectively. ICP-MS is used to detect the quality 

of the collected intracellular gold to investigate the targeting. The results are shown in 

Figure 3-10. All cells and nanoparticles show typical concentration-dependent endocytosis. 

However, it is worth noting that the endocytosis of all nanoparticles in PC3-PSMA cells is 

higher than that in PC3+PSMA cells. After PC3+PSMA and PC3-PSMA cells were exposed to 

0.094 mg/mL MUA for 24 h, their endocytosis was 8.34 ± 6.55 pg per cell and 2.73 ± 0.55 

pg per cell, respectively. However, when the exposure time was increased to 48 h, each cell 

that overexpressed PSMA protein contained 4.46 ± 3.19 pg, and each cell that did not 

express PSMA protein contained 6.10 ± 0.22 pg (Figure 3-10a). Because MUA has no 

targeting effect, it is used as a control in this experiment. In addition, the relationship 

between the endocytosis of MUA and cell lines is not obvious. This is also because MUA is 

unstable in the culture medium and would aggregate and adhere to the cell membrane 

surface, which will significantly interfere with the test results of ICP-MS. 

 

MUA-AHX-Glu, as shown in Figure 3-10e, which is also unstable in the culture medium, is 

deposited on the cell surface during cell exposure. Still, its endocytosis exhibits a 

concentration-dependent and time-dependent endocytosis. After PC3+PSMA cells were 

exposed to MUA-AHX-Glu for 24 h and 48 h, the amount of Au in each cell was 2.43 ± 0.33 

pg and 4.04 ± 0.34 pg, respectively. The internalization amount of MUA-AHX-Glu in PC3-

PSMA cells also showed that the increase in its content almost doubled with the 

prolongation of exposure time. The internalization of MUA-AHX-Glu in PC3-PSMA cells also 

showed that with the prolongation of exposure time, its content in each cell increased 

exponentially. When PC3-PSMA cells were exposed to 0.094 mg/mL MUA-AHX-Glu for 48 

h, the amount of Au was 12.40 ± 2.35 pg per cell, which was three times that of PC3+PSMA 

cells. When cells were exposed to MUA-AHX-GPI, a small amount of aggregation of 

nanoparticles was observed under the microscope, which was consistent with its stability 
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results. The endocytosis results in the two types of cells are shown in Figure 3-10d. The 

internalization of the highest working concentration of MUA-AHX-GPI on PC3+PSMA and 

PC3-PSMA cells after 48 h is greater than 24 h, indicating that the endocytosis of MUA-

AHX-GPI is also time-dependent. 

 

Figure 3-10. Uptake of a) MUA, b) PSMA-I, c) MUA-AHX-PSMA-I, d) MUA-AHX-GPI and 

e) MUA-AHX-Glu by PC3+PSMA and PC3-PSMA cells after 24 h and 48 h. Amount of 

internalized AuNPs in terms of mass of gold mAu per cell for different AuNPs and different 

incubation times. Data are from three independent experiments (n=3) and represent mean 

values ± standard deviations. 

 

The two endocytosis effects of PSMA-I and MUA-AHX-PSMA-I are shown in Figure 3-10b 

and c, which are consistent with the endocytosis of the above nanoparticles. The 
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endocytosis of these two kinds of nanoparticles in PC3-PSMA cells was significantly higher 

than that in PC3+PSMA cells. At 24 h, in PC3+PSMA cells treated with 0.094 mg/mL PSMA-

I and MUA-AHX-PAMS-I, the amount of Au in each cell was 1.20 ± 0.40 pg and 3.11 ± 0.46 

pg, respectively. Under the same conditions, the contents of the two types of nanoparticles 

in PC3-PSMA cells were 2.00 ± 0.26 pg and 7.07 ± 0.56 pg, respectively, which may be due 

to cell lineage effects. 

 

To facilitate comparison, the uptake for each of the different nanoparticles is plotted for 

the two different cell types in Figure 3-11. It can be observed that the endocytosis of all 

nanoparticles in the two types of cells at 48 h is higher than the endocytosis at 24 h, except 

for MUA. In addition, the highest uptake is observed for MUA-AHX-GPI, however the 

uptake was higher in PC3-PSMA cells not overexpressing the PSMA receptor. This was also 

the case for the other particles. The lowest uptake was found in PSMA-I, regardless of cell 

type and time point, suggesting that increasing the length of the ligand chain plays a role 

in improving uptake. 

 

 

Figure 3-11. Uptake of MUA, PSMA-I, MUA-AHX-PSMA-I, MUA-AHX-GPI and MUA-

AHX-Glu by a) PC3+PSMA cells (overexpressing PSMA) and b) PC3-PSMA cells (not 

overexpressing PSMA) after 24 h and 48 h. Amount of internalized AuNPs in terms of mass 

of gold mAu per cell for different AuNPs and different incubation times. Data are from three 

independent experiments (n=3) and represent mean values ± standard deviations. 
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3.6. Conclusion 

 
Early detection, early diagnosis and accurate clinical staging are essential for the 

development of appropriate treatment and management methods for prostate cancer 

patients118. However, due to prostate cancer, especially early prostate cancer, is 

characterized by small lesions and multifocal and scattered growth119, conventional 

imaging methods such as ultrasound, CT, MRI, whole body bone imaging, etc., cannot meet 

the needs of clinicians for early diagnosis and accurate staging of prostate cancer patients, 

which are very important for the treatment and management of patients. Therefore, how 

to use imaging methods to improve the detection rate of suspicious prostate cancer has 

always been a research hotspot in the diagnosis of prostate cancer. 

 

For prostate cancer, prostate-specific membrane antigen (PSMA) is a critical tumor-specific 

antigen. It is not only highly expressed on the surface of prostate cancer cells and tumor 

neovascularization110, but its expression level is positively correlated with the tumor grade 

and staging32, 108. In addition, the sequence in the cytoplasmic domain of PSMA mediates 

the internalization and intracellular recovery of the contrast agent, which can make the 

contrast agent highly aggregate in tumor cells120. These characteristics of PSMA make it an 

important target for molecular imaging of prostate cancer. At present, several imaging 

methods based on PSMA have been developed, including antibodies, nanobodies and small 

molecule inhibitors121. PSMA small molecule inhibitors have the advantages of good cell 

permeability and fast blood clearance. They mainly include the following three categories: 

urea groups, sulfhydryl groups, and phosphate groups65. Studies have confirmed that PSMA 

small molecule inhibitors containing urea groups have the highest affinity for PSMA and 

the highest cell uptake rate, and can be imaged 1 to 2 hours after injection122. 

 

Based on the potential application advantages of PSMA small molecule inhibitors as 

targeted molecules, we designed and developed an AuNPs with Glu-Urea skeleton as the 

target molecule and MUA as the spacer, and used the unmodified MUA ligand as the 

control. MUA is smaller than PEG, making the gold surface obtain a higher graft density, 

and usually makes the nanoparticles more stable123. In addition, the MUA spacer allows the 
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binding motif to be only 1-2 nm away from AuNPs, so that the size of the nanoparticles 

after conjugation does not change much, and the small-sized nanoparticles are more 

conducive to the clearance of the kidney. However, its binding capacity may be reduced 

because the size of the conjugate may prevent the motif from being inserted into the 

binding pocket of the receptor. With this in mind, we added 6-aminohexanoic acid (AHX) 

to the MUA spacer, namely MUA-AHX-PSMA-I. In addition, combining glutamate and 

another alternative motif on MUA-AHX to synthesize MUA-AHX-Glu and MUA-AHX-GPI, 

respectively, as a control. After these ligands were successfully modified on the surface of 

AuNPs, they were subjected to basic characterization, such as ultraviolet and DLS, and the 

results showed that the synthesized PSMA targets AuNPs with uniform particle size. In 

order to further investigate the targeting properties of these ligands in vitro, we first 

investigated the stability of AuNPs modified by different PSMA targeting ligands in different 

media. The displacement and broadening of the plasma peak indicate the aggregation of 

nanoparticles and the displacement and limited reproducibility of the apparent 

hydrodynamic diameter measured by DLS78, 111. In MilliQ water or PBS, we observed strong 

signs of agglomeration of MUA and MUA-AHX-Glu through DLS and UV/Vis absorption 

spectroscopy, and MUA-PSMA-I, MUA-AHX-PSMA-I and MUA-AHX-GPI have slight 

aggregation. However, in the cell culture medium, except for MUA-PSMA-I, all the others 

showed evident aggregation. This may be because the steric stability provided by the small 

ligand MUA is limited to the AuNP with a diameter of dc ~ 12 nm used in this study123. 

Although MUA well exposes the functionalized part on the surface, it cannot reduce protein 

adsorption like PEG. The high-density grafting obtained by MUA causes too much protein 

to be adsorbed on the surface of AuNPs, which leads to aggregation of nanoparticles. 

 

Then, five kinds of nanoparticles with different concentrations were exposed to PC3-

positive cells expressing PSMA protein and PC3-negative cells without PSMA protein for 24 

h and 48 h, respectively. The internalization number of nanoparticles in the two kinds of 

cells was detected by ICP-MS to investigate the targeting. For all cells and nanoparticles, 

typical concentration-dependent endocytosis can be observed. For both cell lines, the 

uptake of MUA is higher than that of MUA-PSMA-I, which indicates that the stability of 

colloidal nanoparticles is dominant in the uptake of nanoparticles. AuNP with poor colloidal 
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stability accumulates and deposits on the top of the cell, thus increasing the chance of the 

cell contacting the nanoparticles111, 124.  

 

In addition, in order to better investigate the feasibility of targeting nano-targeted PSMA 

small molecule inhibitors based on the Glu-Urea framework for the early diagnosis of 

prostate cancer, we need to improve the stability of the ligand. By using PEG ligands with 

hydrophobic spacers that connect the mercaptan group to the PEG portion, for example, 

α-methoxy poly(ethylene glycol)-ω-(11-mercaptoundecanoate) (PEGMUA), and the use of 

hydrophobic spacers are very effective for enhancing chemical stability and improving 

performance in biological media123. And our previous experimental results also show that 

the distance between the motif and the nanoparticles can be controlled by spacers. In 

addition, Matthias Eder et al.125 synthesized a series of Glu-Urea-based DOTA-conjugated 

PSMA inhibitors and evaluated theirs in vitro and in vivo properties. The in vitro and in vivo 

experiments of 18 synthetic PSMA inhibitor variants show that the systematic chemical 

modification of the linker has a significant impact on tumor targeting and pharmacokinetic 

properties. Therefore, the following two directions can be studied: 1) optimizing the 

composition of the ligand shell and 2) improving the molecular structure of the ligand. 
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4. Oriented Coupling of Discrete Number of Antibody to AuNPs for 

targeted labeling cell 

4.1. Introduction 
 

Inorganic nanoparticles are suitable for intracellular drug delivery due to their unique 

physical and chemical properties126. Moreover, recent research has shown that 

multifunctional inorganic nanocarriers that integrate imaging, targeted drug delivery, and 

collaborative therapy have excellent application prospects in drug delivery systems. Many 

studies have reported that NP can passively target treatment sites through enhancement 

and penetration (EPR)127. However, active targeting is still the primary goal of nanocarrier 

research to target lesions and reduce damage to normal cells specifically. One classical 

approach for active targeting is mediated by molecular recognition via capture molecules, 

i.e., antibodies (Abs) specific for the target. NP needs to be combined with specific Abs to 

achieve targeting. Abs are usually coupled to the surface of NP by electrostatic adsorption 

or covalent bonding. The Abs orientation of the combination of these two methods is 

randomized, which is a combination of "end-on," "head-on," "sideways-on," and "flat-on" 

spatial orientation128. Especially in the case of Abs in the "end-on" and "sideways-on" 

orientations, the antigen recognition efficiency of functionalized NPs may be hindered due 

to steric hindrance41. In addition, studies have shown that the Abs density on the surface 

of NPs will also affect the targeting of NPs129. Therefore, the orientation and control of the 

number of Abs on the NP surface is the key to keeping the Abs activity intact to achieve the 

desired purpose. 

 

Here, we integrated the SNAP-tag expression sequence into the plasmid backbone 

expressing the single-chain antibody scFv to obtain the scFv-SNAP with the SNAP-tag 

attached at the bottom. AuNPs with 1 or 2 G-PEG grafted on the surface were separated 

by gel electrophoresis. Since that SNAP-tag can specifically bind to benzylguanine (BG) and 

its derivatives, scFv was directionally coupled to 1-G-PEG-AuNPs or 2-G-PEG-AuNPs, to 

obtain AuNPs with different discrete numbers of scFv, and investigate the relationship 

between their in vitro targeting ability and surface antibody density. 
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4.2. Major reagents 

 
Name Purity Company 

hydrogen tetrachloroaurate (III) ≥ 99.9% Sigma aldrich 

tetraoctylammonium bromide 98% Sigma aldrich 

sodium borohydride ≥ 98% Sigma aldrich 

dodecanethiol ≥ 98% Sigma aldrich 

didodecyldimethylammonium bromide ≥ 99% Alfa Aesar 

6-chloroguanine ≥ 99% Sigma aldrich 

N-methylpyrrolidine ≥ 99% Sigma aldrich 

HO-PEGn-NHBOC NA Rapp Polymere 

1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide 

hydrochloride 

≥ 99% Sigma aldrich 

SNAP-Vista® Green NA NEW ENGLAND BioLabs 

agarose NA Sigma aldrich 

Tris-boric ≥ 99.5% Sigma aldrich 

Thermo Scientific™ Coomassie (Bradford) 

Protein Assay Kit 
NA Thermo Scientific 

ammonium persulphate ≥ 98% Sigma aldrich 

Acrylamide solution 40% 40% Thermo fisher 

N,N,N′,N′-Tetramethyl ethylenediamine ≥ 99% Sigma aldrich 

Glycerol ≥ 99% Sigma aldrich 

Sodium Dodecyl Sulfate NA Sigma aldrich 

dimethylformamide ≥ 99% Carl Roth 

NaH ≥ 99.9% Sigma aldrich 

trifluoroacetic acid  99% Sigma aldrich 
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4.3. Key instrument 

 
Name Model Company 

Dynamic light 

scattering (DLS) 
NANO ZS Malvern 

Transmission electron 

microscopy (TEM) 
JEM-1400PLUS HC JEOL, Germany 

UV–Vis absorption 

spectrophotometer 
Agilent 8453 Agilent, USA 

nuclear magnetic resonance 

(NMR) 
AV 700 Bruker, USA 

Gel electrophoresis BioRad BioRad 

SDS-PAGE BioRad BioRad 

 

 

4.4. Experiments and methods 

 
4.4.1. Synthesis of dodecanethiol-stabilized AuNPs 

 
4.4.1.1. Modified Brust−Schiffrin two-phase method 

 
A modified Brust-Schiffrin method was used to synthesize hydrophobic 4nm AuNPs78. To 

be specific, 300 mg of hydrogen tetrachloroaurate (III) (0.9 mmol, HAuCl4, 99.9%, Sigma 

Aldrich, no. 12325) was dissolved in 25 mL of MilliQ-water as the gold precursor and placed 

in a separation funnel of 250 mL. Following, 80 mL of toluene containing 2.170 g of 

tetraoctylammonium bromide (3.9 mmol, TOAB, N(C8H17)4
+Br−, Sigma-Aldrich no. 294136) 

was added immediately as the organic phase. The two phases in the funnel were rotated 

and shaken up and down for 5 min, and the two phases were thoroughly mixed and then 

allowed to stand until completely stratified (the upper phase changes from colorless to 

orange, indicating the complete transfer of AuCl- ions to the organic layer). The aqueous 

phase (lower phase) was discarded and transferred the organic solution into a 250 mL 

round flask. After that, using sodium borohydride (NaBH4, 98%, Sigma-Aldrich no. 452882) 

as reducing agent, 334 mg of NaBH4 was dissolved in 5 mL Milli-Q water and added into the 

round flask, and stirred with organic solution containing gold precursor for 1 h at room 
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temperature to ensure the complete reaction. During this period, Au (III) was reduced by 

NaBH4 to Au (0) forming TOAB-capped AuNPs and the solution would also change from 

orange to purple-black. The solution was then transferred to the separatory funnel and 

washed 3 times with 25 mL of 10 mM HCl and NaOH, respectively. After each time the 

organic phase and the washing liquid are shaken and thoroughly mixed, the lower water 

phase is thrown away. The washing step can remove the excess salt and the remaining 

unreacted gold ions in the system. The washed solution was re-transferred to a 250 mL 

round-bottom flask and stirred overnight to obtain stable AuNPs with a relatively uniform 

particles size. 

 

TOAB, like Citrate ligand, is weakly adsorbed on the surface of AuNPs, and it’s easy to fall 

off from the surface of AuNPs, resulting in irreversible agglomeration of AuNPs. In order to 

obtain more stable AuNPs for subsequent manipulation, TOAB can be ligand exchanged 

with dodecanethiol containing mercapto group, which can form strong Au-S bond on the 

surface of AuNPs. For that, add 10 mL of 1-dodecanethiol (DDT, 98%, Sigma-Aldrich no. 

471364) to TOAB capped AuNPs solution and stirred the mixture at 65 °C for 2 h, and then 

cool down to room temperature to yield DDT stabilized AuNPs (DDT-AuNPs). Subsequently, 

the solution was placed into several 50 mL centrifuge tubes, centrifuged at 900 RCF for 5 

min, and the solution was collected. At the same time, the sediment at the bottom was 

discarded to remove large nanoparticles. A suitable amount of methanol was added to the 

solution (until the DDT-AuNPs solution became turbidity) to precipitate DDT-AuNPs, and 

then the mixture was centrifuged at 900 RCF for 5 min to collect DDT-AuNPs. Next, the 

precipitated DDT-AuNPs were redispersed in chloroform, and methanol was added again 

for precipitation. The DDT-AuNPs were recollected by centrifuging at 900 RCF for 5 min. 

This step is repeated twice to collect the DDT-AuNPs of similar size. The final collected DDT-

AuNPs precipitate was redispersed in chloroform for subsequent experiments.   

 

4.4.1.2. Digestive ripening method 
 
The principle of this method is the same as the above method130, which also reduces Au (III) 

to Au (0) via NaBH4 to form nanoparticles. However, the synthesis process of the digestive 
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ripening method is more straightforward and the nanoparticle size distribution of the 

obtained nanoparticles is narrower. In particular, 202 mg of didodecyldimethylammonium 

bromide (DDAB, 99%, Alfa Aesar, no. B22839) and 65 mg of HAuCl4 were dissolved in 30 mL 

toluene with sonication, and the solution gradually turned orange, indicating the formation 

of didodecyldimethylammonium tetrachloroaurate ion pairs (N(C8H17)4
+AuCl4

−). 1 mL of 

Miili-Q water containing 40 mg of NaBH4 was added to the solution with stirring at room 

temperature for 1 h. The solution turns purple-black indicated that the formation of AuNPs. 

After that, 1.6 mL of DDT was added for ligand exchange and stirred for 2 h. The obtained 

DDT-AuNPs were washed once with methanol or ethanol, dried under vacuum and 

redispersed in 20 mL of toluene containing 1.6 mL of DDT by ultrasonic for 3 min. The 

mixture was heated to a slightly boiling and kept boiling and condensing reflux for 3 h for 

digestive ripening. The AuNPs were then precipitated with 20 mL of methanol or ethanol 

and centrifuged at 9000 rpm for 10 min to collect, dried under vacuum and redispersed in 

5 mL of chloroform with 50 µL of DDT. Finally, the solution was centrifuged at a low speed 

(2000 rpm, 5min) to remove large agglomerations.  

 

4.4.2. Synthesis of PMA-coated AuNPs (PMA-AuNPs) 
 

The procedures for PMA coating on the surface of DDT-AuNPs are the same as in section 

2.4.1.4. In brief, 1 mL of 0.5 M PMA was added into 50 mL of chloroform and mixed with 

DDT-AuNPs solution, dried under reduced pressure at 40 °C and then redissolved in 50 mL 

of chloroform. This step was repeated three times to obtain a more homogeneous PMA 

coating. After the final drying, the film was dissolved in 10 mL of SBB buffer, followed by 

centrifuging at 50000 rpm for 30 min via an Ultracentrifugation to remove excess PMA and 

replaced the solvent with Milli-Q water.   

 

4.4.3. Synthesis of Guanine-O-PEGn-NH2 conjugate 
 

4.4.3.1. Synthesis of 1-(2-amino-7H-purin-6-yl)-1-methyl-pyrrolidinium chloride 
 
In a 25 mL round-bottom flask, 169.6 mg of 6-chloroguanine (1 mmol, Sigma Aldrich, no. 

109789) was added into 10 mL of dimethylformamide (DMF, Carl Roth, no. T921.2), heated 
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to 40 °C and stirred to dissolve, then 0.23 mL of N-methylpyrrolidine (2.23 mmol, Sigma 

Aldrich, no. 69110) and stirred for 18 h. After the reaction, 1 mL of acetone was added, and 

the mixture was filtered, washed twice with diethyl ether, and dried at low temperature to 

obtain the product. 

 

 

Figure. 4-1. Synthesis of 1-(2-amino-7H-purin-6-yl)-1-methyl-pyrrolidinium chloride. 

 

4.4.3.2.  Synthesis of Guanine-O-PEGn-NHBOC conjugate 
 

In a 10 mL round-bottom flask, 100 mg of HO-PEGn-NHBOC (5 kDa, 0.02 mmol, Rapp 

Polymere, no. 135000-00-21) was dissolved in 5 mL of anhydrous dimethylformamide 

(DMF, Carl Roth, no. T921.2), followed by 2.2 mg of NaH (Sigma Aldrich, no. 223441) was 

added, stirred under nitrogen protection for 15 min, and then 5.6 mg of 1-(2-amino-7H-

purin-6-yl)-1-methyl-pyrrolidinium chloride was added for reaction as shown in Figure 4-2. 

The reaction lasted for 48 h, after which the solvent was evaporated and the product was 

purified by size exclusion column to yield the grey-white powdered desire product. 

 

 

Figure. 4-2. Synthesis of Guanine-O-PEGn-NHBOC conjugate. 

 

4.4.3.3. Synthesis of Guanine-O-PEGn-NH2 conjugate 
 

In a 10 mL round-bottom flask, 100 mg of Guanine-O-PEGn-NHBOC conjugate was dissolved 
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in 3 mL of anhydrous dichloromethane, followed by 0.1 mL of trifluoroacetic acid (149 mg, 

1.3 mmol, Sigma Aidrich, no. 302031) added and stirred overnight. Note that the whole 

reaction process is under nitrogen protection. Finally, the solvent was evaporated and yield 

desire product without any further purification. 

 

 

Figure. 4-3. Synthesis of Guanine-O-PEGn-NH2 conjugate. 

 
4.4.4. Characterization of PMA-AuNPs and Guanine-O-PEGn-NH2 conjugate 

 
4.4.4.1. Transmission electron microscopy (TEM) of PMA-AuNPs 

 
The size and shape of PMA-AuNPs metal core were observed by TEM. Briefly, 10 µL of the 

diluted PMA-AuNPs were taken out and lightly dropped to the cooper grid covered with 

carbon film. After dried at room temperature, the images were captured by a JEM-

1400PLUS HC TEM (JEOL, Germany). Corresponding histograms were analyzed by software 

Image J and Orign. 

 

4.4.4.2. Dynamic light scattering (DLS) of PMA-AuNPs 

 

The size distribution and hydrodynamic diameter dh of PMA-AuNPs were investigated by 

dynamic light scattering (DLS, Malvern NANO ZS, England). For that, the 10 µL of PMA-

AuNPs stock solution was diluted with 1 mL MilliQ-water and placed in a UV-cuvette to 

equilibrate for 5 min at 25 °C. The measurement was performed using the DLS with a 173° 

scattering angle and 633 nm laser. The results were analyzed by software Orign and 

presented in number and intensity distribution. 

 

4.4.4.3.  UV/visible absorption spectra (UV-vis) of PMA-AuNPs 

 

The UV/visible absorption spectra (UV-vis) of PMA-AuNPs was obtained by Ultraviolet–
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visible spectroscopy (UV‐Vis, Agilent 8453). 10 µL of PMA-AuNPs storage solution was 

adequately dispersed in 2 mL of MilliQ-water, transferred to a UV-cuvette and placed in 

the instrument to collect absorption spectra in the range of 300-800 nm. In addition, the 

concentration of nanoparticles can be calculated by UV absorption. According to previous 

reports114, the concentration of 4 nm AuNPs can be calculated using the absorbance at 450 

nm (A450).  

 

4.4.4.4. 1H NMR of synthesized conjugate 
 

Synthesized 1-(2-amino-7H-purin-6-yl)-1-methyl-pyrrolidinium chloride and Guanine-O-

PEGn-NHBOC conjugate were weighed 20 mg and dissolved in 0.8 mL of DMSO-d6 and CDCl3, 

and the compositions was determined by 1H NMR spectroscopy (Bruker, America). 

 

4.4.5. Conjugate discrete number of Guanine-O-PEGn-NH2 to PMA-AuNPs 
 

After AuNP is coated with PMA, due to the presence of PMA, the surface is covered with 

many active carboxyl groups, which can be used to connect other functional ligands or 

small molecules. In the following, the discrete number (one or two) of guanine-PEG 

attachment were performed with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC). The reaction process is shown in Figure 4-4. The experimental 

procedures refer to the previous study of our group131. The PMA-AuNPs were dispersed in 

the sodium borate buffer (SBB, 50 mM, pH 9). According to the ratio stated in the paper, 

the concentration ratio of guanine-PEG and PMA-AuNPs is 500, c(PEG)/c(NP) = 500. 

Therefore, an aliquot of gram of guanine-PEG was dissolved in SBB to prepare the stock 

solution with concentration of 3 mM. Then, taken guanine-PEG and PMA-AuNPs of the 

same volume, mixed each other evenly, and divided into a series of 0.5 mL vials.  

 

The amount of EDC added to the reaction determined how many guanine-PEG could be 

coupled to the PMA-AuNPs surface. In this case, we set a series of concentration ratio of 

EDC to PMA-AuNPs, c(EDC)/c(NP) = 32000, 16000, 8000, 4000, 2000, 1000, 500, 250, 125, 

63, 31, 16, 8. To these, EDC was dissolved in SBB to get a concentration of 192 mM stock 
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solution, and the solution was diluted in half and half from high to low concentration 

successively. A series of diluted EDC solutions were taken out 10 µL and added into 

corresponding vials, and reacted at room temperature for 90 min. Gel electrophoresis was 

then carried out to separate PMA-AuNPs with one or two guanine-PEG conjugates to the 

surface.   

 

 

Figure. 4-4. EDC activates the carboxyl group on the surface of NP and subsequent 

conjugate amino group via amide reaction. The figure was extract from reference131.   

 

4.4.6. Gel electrophoresis 
 

In this experiment, the effects of 0.5%, 1% and 2% agarose on separating 1 or 2 G-PEG 

attached PMA-AuNPs were compared. First, prepare the buffer solution required for 

electrophoresis and gel preparation, TBE buffer solution. For that, add 108 g of Tris base, 

7.44 g of ethylenediaminetetraacetic acid (EDTA), 55 g of Boric acid to a 1 L volumetric flask, 

and add 800ml of MIlliQ-water and stir well to dissolve, then adjust the pH to 8.3, and dilute 

with water to make 1 L (445 mM Tris-boric, 10 mM EDTA) to get 10 × TBE buffer. For 

electrophoresis or gel preparation, we need to dilute 10 × TBE buffer to 0.5 × TBE buffer 

for use. Agarose was weighed according to the required gel concentration, such as 1% gel, 

2 g agarose was weighed (w/v), put agarose powder into 500 mL conical flask and add 200 

mL 0.5 × TBE buffer, then melt agarose in a microwave oven (800 w, 4 min). When heated, 

when the solution was boiled, carefully shake the conical flask to dissolve the agarose 

thoroughly. This operation was repeated several times until the agarose is completely 

dissolved. When the solution was cooled to 60-70 °C, the solution was poured into the gel 

tray and select a suitable comb was inserted into the gel. Leave it at room temperature for 

40-50 min until the gel completely solidified. 
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Once solidified, the comb was gently pulled out and put the gel into the gel tank (BioRad), 

then 0.5 × TBE buffer was poured into the tank and covered the gel. Carefully added the 

sample (preparation as section 4.4.5.) into wells with pipette. Note, before loading the 

sample into the gel, the sample was mixed with 60% glycerinum so that can be deposited 

at the bottom of the well and not float in the buffer. After that, the electrophoresis device 

was connected to power source (BioRad Power Pac 1000) and ran for 60-80 min at 100 V. 

 

At the end of the electrophoresis, the corresponding agarose gel was cut off (from top to 

bottom, the bands were 0 G-PEG attached NP, 1 G-PEG attached NP, 2 G-PEG attached NP) 

and placed in a dialysis bag. Filled the 0.5 × TBE buffer into the dialysis bag and put it in the 

electrophoresis tank to electrophoresis continued for 10-15 min, so that desired NP would 

be got out of agarose gel for collection. Then, 0.5 × buffer in the bag containing NP was 

transferred into a filter tube (Sigma Aldrich, Amicon® Ultra‐4 Centrifugal Filter Unit 3 kDa, 

no. UFC800324) and washed with MilliQ-water four times to exchange the buffer with Milli-

Q water and concentrated.   

 

4.4.7. Determination of the concentration of scFv-SNAP 
 
SNAP is provided by Prof.Davide Prosperi from the University of Bicocca in Italy. The classic 

protein determination method, the Coomassie blue assay, is used here to measure the 

concentration of SNAP. Simply, The BSA standard solution in the Thermo Scientific™ 

Coomassie (Bradford) Protein Assay Kit is diluted in sequence as shown in Table 2-1 to 

prepare a series of standard curving solutions. Then 30 µL of standard solution or diluted 

sample solution was mixed with 1.5 mL of Coomassie reagent solution that has returned to 

room temperature, and incubated at room temperature for 10 min. Subsequently, an 

Ultraviolet–visible spectroscopy (UV‐Vis, Agilent 8453) was used to collect the absorbance 

of each sample at 595 nm sequentially.   

 

4.4.8. Activity assay of scFv-SNAP 
 

SNAP-Vista® Green (NEW ENGLAND BioLabs, England) is a green fluorescent substrate that 

can be used to label SNAP-tag fusion proteins (in cell lysates or purified proteins) for 
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detection by SDS-PAGE. The experiment was carried out following to manufacturer’s 

protocol. In particular, 2 µL of substrate stock solution was mixed with 18 µL of (12.5 µg) 

SNAP sample and incubated at 37 °C for 30 min to bind the substrate to SNAP. After that, 

sample preparation was proceeded according to the requirements in polyacrylamide gel 

electrophoresis (SDS-PAGE) and run SDS-PAGE (for the detailed process, see section 4.4.10). 

After the gel is run, remove it from the glass plate and observe it immediately under a UV-

transilluminator. The active SNAP bands showed an intense green fluorescence.  

 

4.4.9. Conjugate scFv-SNAP to guanine-PEG-AuNPs 
 

The purified guanine-PEG modified AuNPs and SNAP were gently mixed in 1 mL PBS (pH 

7.4) at a molar ratio of 1:2 and incubated overnight at 4 °C. Then the mixture was 

transferred into a filter tube (Sigma Aldrich, Amicon® Ultra‐4 Centrifugal Filter Unit 100 kDa, 

no. UFC800324) and washed with PBS five times by centrifuging at 5000 rpm for 10 min to 

remove unreacted SNAP and concentrated to a relatively high concentration. 

 

4.4.10. SDS-PAGE analysis of scFv-SNAP-PEG-AuNPs 
 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) is a technique to 

separate proteins from samples based on their molecular weight. In this study, SDS-PAGE 

was used to evaluate scFv-SNAP conjugate to guanine-PEG-AuNPs. The specific experiment 

process is as follows. Firstly, the buffer solution needed for separating and stacking gel, 

running buffer and 10% of ammonium persulphate (AP) solution were prepared, 

respectively. Separating gel buffer solution (1.5 M, pH 8.8): 18.17 g Tris was added to a 100 

mL volumetric flask, dissolved with MilliQ-water, and then adjusted pH value to 8.8 with 6 

M HCl and filled with MilliQ-water to 100 mL. Stacking gel buffer solution (0.5 M, pH 6.8): 

6.06 g Tris was added to a 100 mL volumetric flask and dissolved with MilliQ-water, then 

adjusted pH value to 6.8 with 6 M HCl and filled with MilliQ-water to 100 mL. For the 

running buffer, we usually prepared 10 × as stock solution and diluted 10 times during 

electrophoresis. 10 × running buffer containing 0.25 M Tris, 1.92 M Glycine and 0.1 % SDS 

with pH 8.3. Weighed 1 g of AP and dissolved in 10 mL MillIQ-water to prepare 10% of AP 
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solution. Note, it is necessary to divide AP solution into several 0.5 mL vials and stock in the 

freezer, otherwise, AP solution should be prepared fresh each time.  

 

One short and one long glass plate were cleaned and assembled with clamps on both sides 

to fix them on the gel holder. Note that the bottom must be neatly sealed, and there should 

be a 1.5 mm gap between the two pieces of glass. Then prepare a 10% separating gel 

according to the order and volume shown in Table 4-1. After that, ~7 mL of separating gel 

solution was poured into a 1.5 mm gap, and overlaid with water to prevent contact with 

air, which inhibits polymerization. Allow acrylamide to polymerize for 20-30 min to form 

gel, then discard water and drain with filter paper.  

 

Table 4-1. Preparation of separating gel and stacking gel. 

Regent 10% separating gel 5% stacking gel 

Acrylamide solution 40% 2.5 mL 0.5 mL 

1.5 M Tris, pH 8.8 2.5 mL 0 

0.5 M Tris, pH 6.8 0 1.25 mL 

MilliQ-water 4.95 mL 3.23 mL 

10% AP solution 100 µL 50 µL 

TEMED 4 µL 5 µL 

 

Prepared the stacking gel according to the above table and added it to the top of the 

separating gel with a pipette until it overflows. Then carefully insert the comb and wait for 

20-30 min to let it solidify. Then, the clamps on the glass plates were removed and 

transferred to assembled electrophoresis cell, out of them into an electrophoresis tank. 1 

× running buffer was poured into inner (upper) until overflow and outer (lower) buffer 

chambers to the indicator mark for 2 gels. After that, the comb was removed carefully and 

waited for loading samples. 

 

For the sample preparation, 12 µL of prepared samples and protein standard were mixed 

with the same volume of loading buffer (Laemmli sample buffer containing 10% 2-

mercaptoethanol, 0.004% Bromophenol blue, 20% Glycerol, 4% SDS and 0.125 M Tris-HCl), 
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respectively. Then, the samples were added to the wells and ran SDS-PAGE at 15 mA for 30 

min, after changing to 25 mA for 1 h. 

 

Staining of protein gels with Coomassie Brilliant Blue R-250 is a common procedure to 

visualize proteins resolved by SDS-PAGE. It is susceptible and is suitable for long-term 

storage of the gels. After the electrophoresis, remove the gel from the glass plates using a 

spatula and place it in a plastic tray containing Coomassie Blue solution (0.1% CBB R-250, 

40% methanol and 10% Glacial acetic acid) and stain for 2-4 h. After staining, transfer the 

gel to destain solution (10% acetic acid and 5% ethanol) and place it on the rocking table 

for 4-6 h until clear blue bands are visualized on transparent background. Then, the gels 

could be stored in the gel store solution and photographed as required.   

 

4.4.11. Dot blot analysis of scFv-SNAP-PEG-AuNPs 
 

Dot blot is a simple and quick technique to determine if your antibodies and detection 

system are effective. Firstly, the PVDF membrane was activated by soaking methanol for 

30 s and MilliQ-water for 1 min. Then, the membrane was locked on the equipment and 

dried via a vacuum. Secondly, 2 µg of 1-scFv-PEG-Au, 2-scFv-PEG-Au, or PMA-AuNPs, NH2-

PEG-AuNPs and scFv-SNAP were simply mixed as controls were dropped on the membrane 

carefully to make protein stick to the membrane. After the sample dried, the membrane 

was put in blocking solution (15 mL TBS buffer containing 5% skim milk and 0.05% Tween 

20) for 2 h at room temperature. Pour off the block buffer, but keep the membrane wet at 

all times for the remainder of the procedure. Thirdly, the membrane was incubated with 

primary antibody, anti-His-tag (1:5000), in TBS buffer for 2 h. Then washed the membrane 

with 10 mL TBS buffer three times (10 min each time). After that, the membrane was 

incubated with secondary antibody, anti-HRP (1:3000), in TBS buffer for 1 h. Next, washed 

the membrane with 10 mL TBS buffer three times (10 min each time). And finally, 

immunoreactive spots were revealed using ECL Western blotting reagent (GE Healthcare). 

 

4.5. Results and discussion 
 

4.5.1. Characterization of PMA-AuNPs 
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Considering that the uniformity of particle size may affect the subsequent separation effect 

of agarose gel electrophoresis, this study used two methods, Brust-Schiffrin and Digestive 

ripening, to prepare 4nm AuNPs. The optical properties, particle size distribution and 

morphology of the synthesized PMA-AuNPs were characterized by UV and TEM. As shown 

in Figure 4-5a and b are the TEM images of AuNPs prepared by the two methods. The AuNPs 

prepared are spherical, but the uneven size distribution of AuNPs prepared by the Brust 

method can be visually observed. In sharp contrast, the AuNPs prepared by the digestive 

ripening method has uniform particle size. The average size of AuNPs prepared by the Brust 

method and digestive ripening method was calculated by counting to be 4.52 ± 1.38 nm and 

5.34 ± 0.51 nm, respectively. Figure 4-5e shows the UV absorption spectrum of AuNPs. It can 

be seen that the UV maximum absorption peaks of AuNPs prepared by the two methods 

overlap, both are 520 nm, which is the plasma absorption peak of 4 nm AuNPs. In addition, 

the UV absorption peak of AuNPs prepared by the Brust method is significantly broader than 

that prepared by the digestive ripening method, which also indicates that the nanoparticles 

prepared by the latter approach are more uniform in size. Based on the above, we choose 

AuNPs prepared by the digestive ripening method for subsequent experiments. 

 

Figure. 4-5. TEM image of size distribution of AuNPs prepared by a) Brust method and b) 

Digestive ripening method. TEM figures were captured by Stefan Werner form Chemistry 

department. The corresponding histogram of AuNPs prepared by c) Brust method and d) 

Digestive ripening method, size is 4.52±1.38 nm and 5.34±0.51 nm, respectively. e) UV 

spectra of AuNPs with different method. 
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4.5.2. Characterization of Guanine-O-PEGn-NH2 conjugate 
 

4.5.2.1. 1H NMR of 1-(2-amino-7H-purin-6-yl)-1-methyl-pyrrolidinium chloride 

 

 

Figure. 4-6. a) The appearance of 1-(2-amino-7H-purin-6-yl) -1-methyl-pyrrolidinium 

chloride. b) 1H NMR of 1-(2-amino-7H-purin-6-yl) -1-methyl-pyrrolidinium chloride. The 

1H NMR was obtained by NMR-spectra service from chemistry department. 

 

The synthesized 1-(2-amino-7H-purin-6-yl)-1-methyl-pyrrolidinium chloride was washed 

with ethyl ether and dried. The final product obtained was a white solid powder with a 

yield of about 48%. The structure of the obtained product was determined by nuclear 

magnetic resonance, and its 1H NMR is shown in Figure 4-6b. The assignment of each peak 

is as follows: 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 2.05 (m, 2H, -CH2-, pyrrolidin), 2.22 

(m, 2H, -CH2-, pyrrolidin), 3.70 (s, 3H, -CH3), 3.96 (m, 2H, -CH2-N+-, pyrrolidin), 4.60 (m, 

2H, -CH2-N+-, pyrrolidin), 7.11 (s, 2H, -NH2), 8.34 (s, 1H, H8), 13.38 (s, 1H, H9). The 1H NMR 

peak of the obtained product is consistent with that reported in the literature36, indicating 

that the synthesis is successful. 
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4.5.2.2. 1H NMR of Guanine-O-PEGn-NHBOC conjugate 
 

 

Figure. 4-7. a) The appearance of Guanine-O-PEGn-NHBOC conjugate. b) 1H NMR of 

Guanine-O-PEGn-NHBOC conjugate. The 1H NMR was obtained by NMR-spectra service 

from chemistry department. 

 

Conjugate the 5kDa HO-PEGn-NHBOC to the product obtained in the previous step by 

nucleophilic substitution to obtain Guanine-O-PEGn-NHBOC, a derivative of guanine. After 

the product is purified by a PD-10 column, a light-yellow slurry solid desire product is 

obtained. The 1H NMR is shown in Figure 4-7b, and the specific assignments are as follows:  

1H-NMR (400 MHz，CDCl3) δ (ppm) 1.42 (t-BuO-), 3.62 (-O-CH 2-CH 2-O-), 8.03 (H8). 

Consistent with the description in the literature36, indicating the successful synthesis of 

Guanine-O-PEGn-NHBOC. 

 

4.5.2.3. 1H NMR of Guanine-O-PEGn-NH2 conjugate 

 

TFA was used to remove the BOC protecting group on Guanine-O-PEGn-NHBOC to obtain a 
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guanine derivative with active NH2. The 1H NMR is shown in Figure 4-8, the BOC peak at 

1.42 ppm disappeared, indicating that BOC was successfully removed and the final desired 

product was obtained. 

 

Figure. 4-8. 1H NMR of Guanine-O-PEGn-NH2 conjugate. The 1H NMR was obtained by 

NMR-spectra service from chemistry department. 

 

4.5.3. Separate AuNPs conjugated with different numbers of Guanine-O-PEGn-NH2 (BG-
AuNPs) by gel electrophoresis 

 

When molecules are placed in an electric field, they will move to the appropriate electrode 

with a fixed velocity. This rate of migration of molecules under the electric field is called 

electrophoresis mobility. It is proportional to the strength of the electric field and the 

amount of net charge carried by the electrophoretic molecule itself. In other words, the 

higher the electric field intensity and the more net charge the electrophoresis molecules 

carry, the faster migration speed will be, and vice versa. Agarose gel electrophoresis is an 

electrophoresis method that uses agarose as a supporting medium. Because agarose has a 

network structure, the substance molecules will encounter resistance when they pass 

through. It has the dual functions of "molecular sieve" and "electrophoresis" (Figure 4-9). 

The particle size of PMA-AuNPs would be different when the different number of ligands 

are attached to the surface of PMA-AuNPs. Based on this assumption, we use agarose gel 



98 

 

electrophoresis to separate, collect and characterize PMA-AuNPs with the discrete number 

of 1 or 2 G-PEG attached. 

 

 

Figure. 4-9. Scanning Electron Microscopic view of agarose gel and structure of agarose 

gel. The figure was extract from website: 

http://home.sandiego.edu/~josephprovost/AGAROSE%20GELS.pdf 

 

4.5.3.1. The influence of agarose concentration on separation 
 
The concentration of agarose determines the pore size of the molecular sieve, which 

affects the mobility of the nanoparticles. Therefore, we investigated the separation of 

AuNPs in different concentrations of agarose gel electrophoresis. 0.5%, 1% and 2% agarose 

gels were used, and AuNPs were coupled by NH2-PEG-NH2 instead of Guanine-O-PEGn-NH2 

to screen out the most suitable separation conditions. AuNPs are coupled with different 

numbers of PEG ligands on the surface under the action of different concentrations of EDC, 

and exhibit different mobility in agarose gel electrophoresis. The results are shown in 

Figure 4-10. First, the gel formed after the solidification of low-concentration agarose is 

low in hardness and large in pore size, which can be intuitively observed from the 

appearance of 0.5%, 1% and 2% agarose gels in the experiment. The gel formed by 0.5% 

agarose is almost transparent, while the gel formed by 1% and 2% agarose is white, 

indicating sufficient hardness and support. In addition, due to the large pore size of the 0.5% 

gel, the migration speed of AuNPs in the gel is fast (Figure 4-10a). Under the same 

electrophoresis conditions, even if the AuNPs have migrated out of the gel, the AuNPs with 

different numbers of PEG attached to the surface cannot be separated. In contrast, AuNPs 

with different numbers of PEGs on the surface showed different mobility in 1% and 2% gel 
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with smaller pore size. From top to bottom, the clearer bands are 0 PEG-linked AuNPs and 

1 PEG-linked AuNPs (1-PEG-Au), respectively (Figure 4-10a, b). In conclusion, 1% agarose 

gel can well separate the 4nm AuNPs with 0 or 1 PEG ligand. 

 

 

Figure. 4-10. Gel electrophoresis separation with different concentration agarose of AuNPs 

conjugated with NH2-PEG-NH2 (Mw: 10000). The concentration of agarose is a) 0.5%, b) 

1% and c) 2%. Channel (1-13) from left to right are, CEDC/CNP = 32000, 16000, 8000, 4000, 

2000, 1000, 500, 250, 125, 63, 31, 16, 8. Channel (14) is control, AuNPs without PEG and 

EDC. CPEG/CNP = 500, CNP = 3 μM. 

 

4.5.3.2. The influence of nanoparticles purification on separation 
 
In order to ensure that AuNPs obtain a stable and uniform PMA coating, excessive PMA is 

added during the coating process. PMA is an amphiphilic polymer, which cannot be 

removed in the general purification process. Therefore, there is a large amount of free PMA 

in the PMA-AuNPs solution finally obtained. When PEG was conjugated to the surface of 

AuNP, free PMA could compete with PMA on the surface of AuNPs. This process not only 

consumes a large amount of EDC, but also requires a large amount of PEG. Therefore, it is 
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necessary to purify AuNPs to remove excess PMA. The particle size of AuNPs was 4 nm, and 

the supernatant containing PMA was replaced with MIlliQ water by ultra-high-speed 

centrifugation at 60000 rpm for 30 min, as shown in Figure 4-11. Note that multiple high-

speed centrifugations can easily lead to irreversible aggregation and precipitation of 

nanoparticles, and this step can be repeated twice to remove free PMA. 

 

 

Figure. 4-11. Schematic of nanoparticle purification. 

 

The AuNPs before and after purification were reacted with PEG in different concentrations 

of EDC, and the samples were characterized and separated by 1% agarose electrophoresis. 

Results as shown in Figure 4-12a, the concentration of EDC required for unpurified AuNPs 

was CEDC/CNP = 32000, 16000, 8000, 4000, 2000, 1000, 500, 250, 125, 63, 31. When the 

concentration of EDC is CEDC/CNP = 32000, 16000, 8000, 4000, 2000, 1000, the AuNPs 

surface has been coupled with at least four or more PEG, resulting in the overall particle 

size becoming larger, unable to pass through the pore size of the gel, remaining in the 

sample adding hole. When CEDC/CNP = 500, 250, 125, 63, 31, tailing bands appear in the 

sample during electrophoresis, indicating that 1, 2, or 3 PEG ligands are coupled to the 

surface of AuNPs. Especially when CEDC/CNP = 63, 31, two clear bands appear, from top to 

bottom, there are 0 PEG-Au and 1-PEG-Au, respectively. The electrophoresis results of the 

purified AuNPs are shown in Figure 4-12b. The ratio of tailing bands is CEDC/CNP = 256, 128, 

64, 32, 16, 8, 4, 2, 1, which compared with unpurified AuNPs, the amount of EDC is reduced 

by half. And when CEDC/CNP = 1, the results show that there is already 1 PEG attached to the 

surface of some AuNPs. However, when CEDC/CNP = 32, 16, AuNPs coupled with 1 PEG were 

the most, and showed a clear third band, that is, AuNPs coupled with 2 PEGs. In addition, 

it is worth noting that the ratio of PEG to AuNPs after purification has been reduced by ten 

times from CEDC/CNP = 500 to CEDC/CNP = 50, which significantly saves the amount of PEG. In 

summary, the purification of AuNPs can remove excess PMA and reduce the amount of 
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EDC and PEG required in the coupling process. 

 

 

Figure. 4-12. Effect of AuNPs purification on gel electrophoresis separation. a) AuNPs 

before purification. Channels (1-11) from left to right are, CEDC/CNP = 32000, 16000, 8000, 

4000, 2000, 1000, 500, 250, 125, 63, 31. Channel (12) is control, AuNPs without PEG and 

EDC. CNP = 6 μM, CPEG/CNP = 500. b) AuNPs after purification. Channels (1-12) from left 

to right are, CEDC/CNP = 2048, 1024, 512, 256, 128, 64, 32, 16, 8, 4, 2, 1. Channel (13) is 

control, AuNPs without PEG and EDC. CNP = 6 μM, CPEG/CNP = 50. 

 

According to the above results, the optimal conditions for 1-G-PEG-Au and 2-G-PEG-Au 

were as follows: the ratio of purified AuNPs to Guanine-O-PEGn-NH2 was 50, CEDC/CNP = 

32,16, and separation by 1% agarose gel. And use this condition to carry out the large scale 

reaction, as shown in Figure 4-13a, the result shows three clear bands, namely PMA-AuNPs, 

1-G-PEG-Au and 2-G-PEG-Au. After cutting the 1-G-PEG-Au and 2-G-PEG-Au bands, they are 

placed in a dialysis bag to continue electrophoresis to collect the desired nanoparticles. 

Perform gel electrophoresis on the collected 1-G-PEG-Au and 2-G-PEG-Au again to confirm 

the number of G-PEG attached to the surface of AuNPs. The results are shown in Figure 4-

13b, which is consistent with previous literature reports131. From top to bottom, AuNPs 

without PEG has the fastest migration rate, which is the first band; AuNPs coupled with 1 

G-PEG, the particle size changes significantly, and the migration rate is also significantly 

slower than the control PMA-AuNPs, which is the second band; The particle size of AuNPs 

with two G-PEGs is theoretically significantly larger than 1-G-PEG-Au, and its migration rate 

is the slowest, which is the third band. 
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Figure. 4-13. a) PMA-AuNP after the EDC coupling with Guanine-PEGn-NH2 in a 1% 

agarose gel. Channels (1-2) from left to right are, CEDC/CNP = 32, 16. Channel (3) is control, 

AuNPs without PEG and EDC. CNP=14μM, CPEG/CNP=50. b) Gel electrophoresis of 

collected 1-G-PEG-Au and 2-G-PEG-Au. 

 

4.5.4. scFv-SNAP activity assay 
 

SNAP-tag protein is a mutant of O6-alkylguanine-DNA-alkyltransferase (hAGT) of human 

DNA repair protein, consisting of 182 amino acids (20kDa). It can react quickly and 

specifically with benzylguanine (BG) and its derivatives, thereby forming a stable thioether 

bond between the SNAP-tag protein and the substrate, with fast reaction speed and high 

specificity36, 41. Taking advantage of the single-chain antibody fragment (scFv) expression 

sequence is inserted into the SNAP-tag-encoding plasmid backbone (as shown in Figure 4-

14), and the scFv-SNAP obtained by vector expression can quickly and directionally fix the 

scFv on the surface of AuNPs. In order to detect whether the obtained scFv-SNAP has the 

ability to bind to O6-guanine derivatives specifically, we used fluorescein-based BG 

derivative SNAP-Vista® Green as a substrate (SVG) for activity testing. SDS-PAGE after the 

reaction between SNAP-tag and SVG can be visualized as a fluorescent band, thereby 

judging the specific binding activity of SNAP-tag. After the SVG is co-incubated, scFv-SNAP 
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would specifically replace the guanine on the SVG to obtain fluorescence, and the reaction 

can still be maintained in SDS-PAGE. We tested the activity of different batches of scFv-

SNAP, and the results are shown in Figure 4-15a. All scFv-SNAP showed a single band of 

about 45kDa on SDS-PAGE, which was consistent with the actual molecular weight of the 

protein. Some batches of scFv-SNAP also showed bands at other molecular weights, which 

may be caused by incomplete purification or partial decomposition. After co-incubation 

with SVG, all batches of scFv-SNAP showed a green fluorescent band under UV lamp, 

indicating that the obtained scFv-SNAP could react specifically with BG derivatives. 

 

 

Figure. 4-14. Schematic diagram of the pPICZ αA-SNAP-scFv800E6 expression vector. The 

recombinant gene encoding SNAP tag was inserted into the pPICZ αA-scFv800E6 vector 

under the control of the alcohol-oxidase-1 (AOX1) promoter, in frame with the prepro-

αfactor signal sequence (αF) and with Myc and histidine (6 ×His) tags. scFv-SNAP Provide 

by Prof.Davide Prosperi. 
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Figure. 4-15. Activity of different batches of SNAP. a) SDS-PAGE of scFv-SNAP incubated 

with SVG. b) SDS-PAGE of scFv-SNAP incubated with SVG under UV light. Channel (1) is 

protein standard (without fluorescence). Channel (2) is scFv-SNAP protein (5ug, without 

SVG). Channel (3-10) are different batches of scFv-SNAP samples with SVG. 

 

4.5.5. SDS-PAGE analysis of scFv-SNAP-PEG-AuNPs 
 

In the co-incubation process of scFv-SNAP and conjugated with one or two G-PEG-Au, scFv-

SNAP would react specifically with the BG group on G-PEG, so that scFv could be fixed on 

the surface of AuNPs directionally41, 132. SDS-PAGE was used to verify the hypothesis that 

scFv-SNAP binds specifically to the surface of AuNPs. scFv-PEG-Au after the reaction was 

washed to remove unreacted scFv-SNAP, and PMA-AuNPs, NH2-PEG-AuNPs and scFv-SNAP 

were simply mixed as controls. The results are shown in Figure 4-16, the single scFv-SNAP 

showed a single band on SDS-PAGE, about 45kDa, which was consistent with the previous 

results. AuNPs showed no bands either with only PMA coating or with one or two G-PEG 

ligands or NH2-PEG ligands conjugation (channel 3, 4 in Figure 4-16a and channel 3, 5, 6 in 

Figure 4-16b), proving that only scFv-SNAP conjugation to AuNPs surface showed bands in 
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SDS-PAGE. Secondly, both 1-G-PEG-Au and 2-G-PEG-Au reacted with scFv-SNAP and 

showed bands in SDS-PAGE at the same position as scFv-SNAP, indicating that scFv-SNAP 

was coupled to the AuNPs surface (channel 5 in Figure 4-16a and channel 7 in Figure 4-16b). 

However, when PMA-AuNPs or 2-NH2-PEG-Au without BG derivative ligand conjugation is 

mixed with scFv-SNAP, the sample still shows a single band consistent with scFv-SNAP in 

SDS-PAGE, even after cleaning for more than ten times (channel 6 in Figure 4-16a and 

channel 4, 8 in Figure 4-16b), which indicated that scFv-SNAP protein would non-

specifically adsorb on the surface of AuNPs. Based on the above results, scFv-SNAP can 

react with one or two G-PEG ligands coupled to the surface of AuNPs to immobilize scFv on 

the surface of AuNPs. However, there is non-specific adsorption in this process, which will 

affect the directional immobilization and number control of scFv on the surface of AuNPs. 

 

 

Figure. 4-16. SDS-PAGE of scFv-SNAP conjugate to AuNPs. a) SDS-PAGE of one scFv-

SNAP conjugate to AuNPs. Channel (1) is protein standard, (2) is scFv-SNAP, (3) is PMA-

AuNPs, (4) is 1-G-PEG-Au, (5) is 1-scFv-PEG-Au, (6) is scFv-SNAP mixed with 1-NH2-

PEG-Au. b) SDS-PAGE of two scFv-SNAP conjugate to AuNPs. Channel (1) is protein 

standard, (2) is scFv-SNAP, (3) is PMA-AuNPs, (4) is PMA-AuNPs mixed with scFv-SNAP 

(PMA-SNAP). (5) is 2-G-PEG-Au, (6) is 2-NH2-PEG-Au, (7) is 2-scFv-PEG-Au, (8) is scFv-

SNAP mixed with 2-NH2-PEG-Au. 

 

4.5.6. Dot blot analysis of scFv-SNAP-PEG-AuNPs 
 

We use Dot blot to detect further whether scFv is immobilized on the surface of AuNPs. 

PVDF membrane can be used as a solid phase to adsorb the scFv dropped on it. Since the 
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sequence of scFv-SNAP contains His-tag expression sequence (Figure 4-14), anti-His-tag can 

react with the scFv-SNAP on PVDF membrane for antigen-antibody reaction. Then the HRP 

enzyme-labeled secondary antibody can specifically bind to the bound primary antibody 

anti-His-tag to form an antigen-antibody-HRP enzyme-labeled secondary antibody 

complex133 on the membrane. When the complex is incubated with the luminescent 

solution, the luminescent solution A and B undergo a chemical reaction under the catalysis 

of the HRP enzyme to emit fluorescence134-135, and the sample containing the scFv would 

be developed. The results are shown in Figure 4-17, the spots exhibited by scFv-SNAP are 

the brightest, indicating that it binds specifically to anti-His-tag and anti-HRP, which also 

proves the feasibility of dot blot verification. After PMA-Au was incubated with the 

antibody, no fluorescent signal was detected, indicating that no non-specific binding 

occurred, consistent with the SDS-PAGE results. Both 1-scFv-PEG-Au and 2-scFv-PEG-Au 

showed weak spots, meaning that less scFv was adsorbed on the surface of the PVDF 

membrane. Theoretically, the loading amount of scFv in these two groups is twice that of 

the control group, and its spot brightness should be higher than that of the control group. 

However, due to the steric hindrance of the nanoparticles, the scFv exposed on the surface 

of the PVDF film was less than that of the control group. In addition, ligands without BG 

derivatives, such as PMA coating, NH2-PEG, also show spots with brightness comparable to 

1-scFv-PEG-Au and 2-scFv-PEG-Au, suggesting that scFv-SNAP was adsorbed on AuNPs 

surface in these samples, which was also consistent with SDS-PAGE results. In the above 

results, there is no evidence that scFv in 1-scFv-PEG-Au or 2-scFv-PEG-Au is specific binding 

or non-specific adsorption, so the orientation of scFv on AuNPs surface cannot be 

guaranteed, and further experiments are needed to prove it. 
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Figure. 4-17. Dot blot assay of scFv-SNAP conjugate to AuNPs. A: 1 to 3 are scFv-SNAP 

(1 µg), PMA-Au and PMA-Au mixed with scFv-SNAP, respectively. B: 1 to 2 are 1-NH2-

PEG-Au mixed with scFv-SNAP and 1-scFv-PEG-Au (2 µg), respectively. C: 1 to 2 are 2-

NH2-PEG-Au mixed with scFv-SNAP and 2-scFv-PEG-Au (2 µg), respectively. They were 

filtered on a PVDF membrane and probed with an anti-Myc-HRP antibody. Immunoreactive 

spots were revealed with an ECL substrate. 

 

4.6. Conclusion 
 

Nanoparticles are small in size and easily overcome biological barriers to enter cells, so they 

have a certain degree of targeting: high permeability and long retention effect (EPR). Still, 

they have shortcomings such as being easily swallowed by the reticuloendothelial system 

(RES)136. Therefore, in recent years, modifying the surface of nanocarriers to prepare active 

targeting nanocarriers to improve their targeting has become one of the hotspots of 

research. However, the most specific recognition is the unique expression or 

overexpression of antigens and surface receptors by diseased cells. Therefore, 

nanoparticles can recognize these molecular entities by coupling specific molecules such 

as antibodies, peptides, DNA or RNA, etc., to increase the active targeting specificity of drug 

delivery and improve the efficacy137. Antibodies are specific and have strong binding ability 

to corresponding antigens. They are one of the most widely used targeting ligands in 

nanocarriers41. However, due to the large volume of antibody molecules, the infiltration of 

antibody-conjugated nanoparticles into tissues is impeded and the distribution of 
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antibody-conjugated nanoparticles in cells is limited. In addition, antibody-conjugated 

nanoparticles often cause changes in the three-dimensional structure of antibodies138. In 

order to overcome the obstacles related to antibody size affecting antibody efficiency, 

recombinant antibodies have been specifically developed. One of the most widespread 

applications is single-chain variable fragment antibody (scFv), the smallest functional 

structural unit with all the antigen-binding specificities of the complete antibody139. 

 

The coupling of antibodies and nanoparticles can be divided into the non-covalent coupling 

and covalent coupling. The former is a physical method of non-covalent bonding, such as 

electrostatic attraction, which has a weak binding force; the latter uses chemical bonding, 

which mainly includes sugar modification, amino or carboxyl modification, sulfhydryl 

modification, etc., with high stability41. However, these are arbitrary immobilization 

methods, which will cause 1) the unorientation of antibody binding, the active site is 

shielded, and the targeting efficiency is reduced140; 2) influencing the stability of the 

antibody, the covalent binding site on the antibody may destroy the folding stability of its 

spatial structure138. Therefore, during the antibody coupling process, the correctness of the 

antibody orientation must be ensured under the premise of a stable connection. The fusion 

tag method is currently a research hotspot in the targeted immobilization of proteins. A 

fusion tag is introduced into a specific part of the target protein, and the protein is fixed on 

the surface of the carrier through the specific reaction of the tag without damaging the 

normal function of the protein41, 141. 

 

So far, various protein tags have been developed to study protein systems in living bodies, 

and SNAP-tag is one of the best fusion tags. SNAP-tag is a variant of human DNA 

alkyltransferase (hAGT), specifically covalently linked to O6 benzylguanine (BG)54 and its 

derivatives142. At present, studies have36, 143 shown that SNAP-tag fusion of scFv and specific 

binding of BG functionalized effector molecules to achieve antibody homogeneously 

labeled, which not only directionally fixed the antibody on the surface of nanoparticles, but 

also significantly reduced the mutual interference between antibodies and effector 

molecules. In addition to optimizing antibody targeting efficiency through the above 

strategies, researchers also need to consider the antibody density on the surface of the 
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nanoparticles. When the antibody density is too high, the interaction between the antibody 

and the antigen may be hindered due to steric hindrance41. 

 

In this work, we developed a direct method to achieve the orientated immobilization of 

discrete numbers of antibodies on the AuNP surface. First, 4 nm AuNPs with highly uniform 

particle size were synthesized by the digestive ripening method, and PMA coating was 

applied for subsequent ligand modification. In order to reduce the influence of antibody 

size and immobilized direction on the targeting efficiency, we inserted the expression 

sequence of SNAP-tag into the plasmid skeleton expressing scFv, and obtained the scFv 

fused with SNAP-tag at the N-terminal. SNAP-tag can form a stable thioether bond with BG 

derivatives, which can orient the fused protein to the nanoparticle. For this reason, we 

successfully synthesized a PEG ligand with a BG group on one terminal and an amino group 

on the other. Previous studies131 have shown that the carboxyl group on PMA can react 

with amino groups for functional modification, and the number of amino ligands can be 

precisely controlled by EDC and separated by gel electrophoresis. Based on this, we 

optimized the conditions for gel electrophoresis to separate and couple 1 or 2 G-PEGs to 

AuNPs. Finally, the optimal conditions were determined as follows: PMA-AuNPs purified by 

ultracentrifugation reacted with G-PEG, the molar concentration ratio of PEG/NP was 50:1, 

the molar concentration ratio of EDC/NP was 32:1, 16:1, and the separation was performed 

in gel electrophoresis with 1% agarose concentration after 2h reaction. In addition, we co-

incubated scFv-SNAP with a green fluorescent BG substrate, and the green fluorescent 

band displayed in SDS-PAGE also indicated the specific binding of scFv-SNAP to BG. We 

reacted 1-G-PEG-AuNP and 2-G-PEG-AuNP with scFv-SNAP at a molar ratio of 1:2 overnight. 

After washing, SDS-PAGE and Dot blot were performed to characterize the scFv bands. Both 

1-G-PEG-AuNP and 2-G-PEG-AuNP incubated with scFv-SNAP showed protein bands, 

indicating that scFv was bound to BG-PEG. However, when scFv-SNAP was incubated with 

NH2-PEG-AuNP, SDS-PAGE also showed bands, indicating that scFv could non-specifically 

adsorb on the AuNP surface. This may be because AuNP is only coupled with a discrete 

number of PEG, and there are many negatively charged carboxyl groups left in the PMA 

coating on the surface, leading to t non-specifically adsorption of protein. In summary, 

although scFv-SNAP specifically binds to BG-PEG-AuNP, the non-specific adsorption on the 
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AuNP surface cannot be removed completely, which may affect the subsequent targeting 

investigation.  

 

In order to ensure the specific adsorption of scFv on the AuNP surface and the accuracy of 

the subsequent targeting investigation, it is necessary to minimize the formation of the 

protein corona. Polyethylene glycol (PEG) is currently the most widely used anti-non-

specific adsorption material. PEG is extremely hydrophilic and electrically neutral over a 

wide range of pH blocks the electrostatic interaction between the matrix and the protein144. 

In addition, PEG can provide a more significant steric hindrance, which is conducive to 

blocking non-specifically adsorbed substances far away from the substrate surface, and 

further controls the occurrence of non-specific adsorption144-145. Zwitterionic compounds 

such as phosphocholine, thiobetaine and carboxybetaine polymers represent a new type 

of anti-non-specific protein adsorption material that can replace traditional polyethylene 

glycol polymers146-147. This kind of material molecules contain super hydrophilic anion and 

cationic groups at the same time, the total charge is neutral, and can highly form hydrogen 

bonds with water molecules, which wraps the nanoparticles and reduces the effect of 

Coulomb attraction148-149, thus preventing non-specific adsorption of proteins. Therefore, 

two strategies can be used to reduce the non-specific adsorption of AuNPs on the surface: 

1) G-PEG-AuNPs surface coupled with shorter PEG to resist non-specific adsorption of 

proteins; 2) zwitterionic polymerization instead of PMA for AuNPs surface coating. 
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