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Abstract

When the size of materials is reduced to the nanoscale, there always come with some unique properties that
differ from their bulk counterparts, such as fluorescent, superparamagnetic, plasmonic, etc. Particularly, in
recent years, the advancements in engineering nanoparticles (NPs) have led to diverse applications in
biomedical fields, including biosensors, bioimaging, drug delivery, and vaccines. However, in most cases,
NPs were applied upon exposure to a biological environment, which will inevitably adsorb some biological
molecules, such as proteins, sugars, lipids, nuclear acids, as well as some ions. In that case, NPs will form a
biomolecular layer, called “protein corona”. Up to now, various studies reported that protein corona plays a
critical role in the interaction between NPs and cells or even the body. For example, the protein corona can
reduce the cellular uptake efficiency, alter biodistribution in our bodies, and decrease the toxicity of NPs both
in vitro and in vivo. The protein corona can also decrease the targeting capability of NPs by covering some
targeting ligands. In addition, to keep the colloidal stability in biological fluids, NPs are always modified with
different surface ligands or polymers. Therefore, NPs should not be regarded as homogeneous entities
anymore, but as hybrid NPs with multi-compartments comprising of inorganic core, engineered polymer shell,
and biomolecular layer. Furthermore, since most studies previously focused on the qualitative aspects, it is
challenging to compare those results among different studies. Thus, there is a need to study the
multi- compartmental NPs and their interaction with biological environments in a quantitative way. In this
thesis, we divided it into three parts and quantitatively evaluated the biological effects of multi-compartmental
NPs. In the first part, inductively coupled plasma mass spectrometry (ICP- MS) was introduced to quantify
the different biodistributions of gold (Au) and iodine, in particular, an Au NPs library with different sizes and
surface ligands was prepared, and the impacts of size and surface chemistry on biodistributions of NPs was
evaluated. In the second part, the multi-compartmental NPs were labeled with different elements. Upon
incubation with human cervical cancer cells (HeLa), the association between protein corona and cellular
uptake was quantitatively investigated. The important role of surface chemistry on the binding affinity toward
different proteins was proposed. In the third part, the protein corona of NPs by conjugating atenolol with
bovine serum albumin (BSA) was exploited. With the transcytosis capability of BSA, we can bypass the
barrier of capillary, deliver atenolol to cardiomyocytes, and selectively bind the subpopulation of
B1- adrenergic receptors. Thus, the therapeutic efficacy of atenolol compared to the small molecules was

further improved.






Zusammenfassung

Wenn die Grd% von Materialien auf die Nanoskala verringert wird, treten immer einzigartige Eigenschaften
auf, die sich von ihren Gegenstitken im Volumen unterscheiden, zum Beispiel Fluoreszenz,
Superparamagnetismus, Plasmonen, usw. Vor allem hat die Entwicklung von Nanopartikeln (NPs) in den
letzten Jahren verschiedenartige Anwwendungen in biomedizinischen Bereichen wie Biosensoren,
Bioimaging, Arzneimittelabgabe sowie Impstoffe angefihrt. Trotzdem legen NPs in meisten Fdlen in
biologischer Umgebung frei und danach adsobieren unweigerlich einige biologische Molekile z.B. Proteine,
Zucker, Lipide, Nuklears&ren und manche lonen. Dann bilden NPs eine biomolekulare Schicht, die als
,,Proteinkorona“ bezeichnet wird. Laut bisheriger Ergriindung spielt die Proteinkorona eine entscheidende
Rolle in der Wechselwirkung zwischen NPs und Zellen bzw. NPs in K&pern. Proteinkorona kann
beispielsweise zellul&e Aufnahmeeffizienz verschlechtern, Bioverteilung in K&pern ver&ndern und
Giftigkeit der NPs in vitro sowie vivo verringern. Die Proteinkorona kann auch die Targeting-F&higkeit von
NPs verringern, indem sie einige Targeting-Liganden abdeckt.Wegen Abdeckung von Zielliganden kann
Proteinkorona ebenso Targeting-Féhigkeit der NPs verschwéhen. Auf®rdem sind NPs immer mit
unterschiedlichen Oberfl&henliganden oder Polymeren modifiziert, um kolloidale Stabilit& in biologischen
FlUssigkeiten zu halten. Deshalb sollten NPs nicht mehr als homogene Einheiten betrachtet werden, sondern
als hybride NPs mit mehreren Kompartimenten, die aus einem anorganischen Kern, einer konstruierten
Polymerhile und einer biomolekularen Schicht bestehen. Heute konzentieren sich meiste Studien auf der
gualitativen Aspekten. Trotzdem ist es schwierig, die Ergebnisse zwischen verschiedenen Studien zu
vergleichen. Daher besteht die Notwendigkeit, die Multikompartiment-NPs und ihre Wechselwirkung mit
biologischen Umgebungen quantitativ zu untersuchen. In dieser Arbeit sind die biologischen Wirkungen von
NPs mit mehreren Kompartimenten - aufgeteilt in drei Teile - quantitativ bewertet. Im ersten Teil ist die
induktiv gekoppelte Plasma-Massenspektrometrie (ICP-MS) eingefthrt, um die unterschiedlichen
Bioverteilungen von Gold (Au) und Jod zu quantifizieren, insbesondere sind Au-NPs mit unterschiedlichen
Grd2n und Oberfl&henliganden vorbereitet und Auswirkungen der Gré&f® sowie Oberfl&henchemie zur
Bioverteilung von NPs verglichen. Im zweiten Teil sind die Multikompartimente von NPs mit verschiedenen
Elementen markiert. Nach der Inkubation mit menschlichen Geba&mutterhalskrebszellen (HeLa) sind jeweils
ein Zusammenhang zwischen Proteinkorona und zellul&er Aufnahme quantitativ bewertet und wichtige
Rolle der Oberfl&henchemie fir die Bindungsaffinit& zu verschiedenen Proteinen eingebracht. Im dritten
Teil ist Proteinkorona von NPs weiter verwandt, indem Atenolol mit Rinderserumalbumin (BSA) konjugiert
ist. Mit der Transzytosefénigkeit von BSA ké&inen die Kapillarbarriere umgegangen, Atenolol an
Kardiomyozyten abgegeben und die Subpopulation von 1-adrenergen Rezeptoren selektiv verbunden werden.

Damit kann sich die therapeutische Wirksamkeit von Atenolol im Vergleich zu den kleinen MolekUen weiter
iii



verbessern.
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1 Introduction

What is nano? The word ‘nano’ originated from a Greek prefix, meaning ‘dwarf’. Now it refers to a length
scale, which is a billionth of a meter (10° m). It is no doubt this tiny scale is invisible to our naked eyes. In
nature, there are various natural or synthetic materials at the nanoscale, including hemoglobin, antibody, DNA,
virus, volcanic ash, exhaust from vehicles, etc. Taking the COVID-19 pandemic as an example, the enveloped
SARS-Cov-2 virus with about 100 nm diameter infected host cells via the high affinity between
receptor- binding domain (RBD) of spike protein from the viruses and ACE2 receptor from host cellst3. The
virus hijacks host cells and replicates more viral RNA for further infection through a series of membrane
fusion processes. Additionally, the widely used mRNA vaccine with an average diameter of 100 nm,
composed of mMRNA chain in the core and lipid NPs as a shell, benefits people against viruses via triggering
an immune response in our body and plays a significant role in ending the global pandemic?. Therefore, there
is an urgent need to study nanomaterials surrounding our lives and how they can be applied in our daily lives.
This process is called nanotechnology. According to the strategic plan of the National Nanotechnology
Initiative(NNI), nanotechnology is defined as a study about the understanding and control of matter at
dimensions between 1 and 100 nm where unique phenomena enable novel applications®. Like the mMRNA

vaccine aforementioned, it is an excellent application of nanotechnology in medicine.

1.1 A glance at nanotechnology history

The history of nanotechnology can be traced back to the early medieval period, the mystery of the Roman
Lycurgus cup, which is jade green when light is reflected in front of it while turns red when light is transmitted
from behind, was not revealed until the 1990s. The tiny silver (Ag) and Au NPs with a diameter of ca. 50 nm
distributed in the glass gives rise to different optical phenomena. Also in the middle age, the church windows
shone with different luminous colors due to the presence of noble metal NPs. In the 17" century, Damascus
blades with extraordinary strength and flexibility were used by Muslims, high resolution transmission electron
microscopy images indicate the steel containing carbon nanotubes and cementite nanowires could explain the
remarkable mechanical properties®®. All of the cases demonstrated the unique properties of nanomaterials
compared to their bulk counterpart. Although the long history of applications of nanotechnology, the
development of modern nanotechnology began in the last decades. The lecture “There’s plenty of room at the
bottom” presented by American physicist and Nobel Prize laureate Richard Feynman was considered a sign
of the introduction of nanotechnology conception. And 15 years later, Japanese engineering professor, Norio
Taniguchi, coined the term nanotechnology®. The real bloom of nanotechnology began in the 1980s. The

invention of the scanning tunneling microscope (STM), followed by the emergence of the atomic force
1



microscope (AFM) and scanning probe microscope (SPM), etc. highly promoted the progress of
nanotechnology®. With the help of advanced instruments, a series of new class carbon-based nanomaterials
were discovered, including fullerenes®, carbon dots!! as well as graphene!?*3. And diverse nanomaterials,
such as inorganic, organic as well as natural nanomaterials can be prepared using different physical and
chemical methods or characterized, nanotechnology is being applied in many aspects including electronics,
biosensing, bioimaging, drug delivery, catalysis, etc. And it is attracting scientists from different fields like
physics, chemistry, biology, pharmacy, medicine, engineering, and computer science'**8, In this thesis, we
mainly focus on the biological applications of nanotechnology. For other fields, we recommend referring to

other books or reviews!®-2L,

1.2 Multi-compartmental nature of NPs in a biological environment

When it comes to biological effects, nanomaterials or NPs (In the following contents, we mainly use NPs)
will be inevitably exposed to biofluids. Unlike the NPs in cups, glass, or swords, which are commonly within
or on the surface of a substrate, NPs always tend to aggregate or agglomerate in solution due to some weak
interaction among different NPs, including Van der Waals force, electrostatic interaction, hydrophobic
interaction, hydrogen bonds, etc?2. Therefore, good colloidal stability is a prerequisite for NPs application in
biological environments?24, To keep NPs stable in solution, generally, a surface chemistry procedure is
necessary. Conceptually, NPs in biological media can be categorized into a multi-compartmental system (NPs’
core, engineered polymer shell, and the biomolecular layer via adsorption or chemical linkage). The NPs’ core
(mainly refers to as the inorganic core in this thesis) is the initial NPs, which endows some physical properties,
like being plasmonic, magnetic, and fluorescent. The engineered polymer shell provides colloidal stability
and allows NPs to be individual in solution. And the biomolecular layer gives NPs a biological identity, which

might be good or bad?>%,

NP core: There are two approaches for NPs preparation, top-down and bottom-up?”-?°. The top-down approach
means cutting bulk materials into pieces on a nanoscale, a typical top-down approach is photolithography,
which is commonly used in the semiconductor industry®. For instance, ASML Holding can achieve 5 nm chip
preparation by extreme ultraviolet lithography (EUV). EUV is a photolithography technique using extreme
ultraviolet at a certain wavelength. Other top-down approaches also include mechanical milling,
nanolithography, etc. However, fine lithography instruments are very expensive, and the materials used are
also of a high standard. It is also difficult to acquire smaller NPs. Additionally, NPs produced via top-down

often come with surface defects.

The bottom-up approach means assembling many atoms or molecules into a nanostructure as Feynman’s
2



hypothesis in his presentation. This approach using supramolecular interaction (Van der Waals force,
electrostatic interaction, hydrophobic interaction, hydrogen bonding, and n-n interaction, etc) creates linkage
of building blocks, further achieves atoms and molecules assembling at the nanoscale, or even larger.
Chemical synthesis, particularly, wet chemical synthesis is the most popular bottom-up approach®. Atoms
and small molecules in solutions are integrated into NPs driven by supramolecular interaction under specific
conditions, such as pH, temperature, concentration, solvents, and reaction time. Using wet chemical synthesis,
NPs can be fabricated with well-controlled, including size, shape, compositions, structure, and crystallinity.
Of note, NPs prepared using this method are initially in solution, either hydrophilic solvents or hydrophobic
solvents, which are more suitable for application in biological environments. Therefore, in this thesis, the
focus will be given to wet chemical NPs synthesis and its effects in biological environments. Diverse
applications of NPs with their intrinsic physical properties can be found in the biomedical field®. For instance,
quantum dots (QDs) with different emission wavelengths are widely used in bioimaging in vitro and in vivo®.
Plasmonic NPs, such as Au and Ag NPs, as the most common surface-enhanced Raman scattering (SERS)
substrates, enable a great increase in the limit of detection at a single-molecule level®. Iron oxide NPs due to
their magnetic property are used as the contrast agents of magnetic resonance imaging (MRI)* or tracers of
magnetic particle imaging (MPI1)%®. In addition, many NPs are used to treat tumors through photothermal,
magnetothermal, photodynamic therapy, or by triggering immune responses. Utilizing the enhanced
permeability and retention (EPR) effect or antibody passively or actively delivers small molecules to
targets®”- 38, All cases above demonstrated the great potential of NPs from basic life science to more clinical

related fields such as medicine and pharmacy.

Engineered polymer shell: NPs core synthesized by wet chemical approach always comes with the presence
of surface ligands®. Either small molecules or macromolecule ligands ensure NPs grow in a controllable way
and well disperse in the initial solution. For example, cetyltrimethylammonium bromide (CTAB) is used for
controlling the anisotropic growth of Au nanorods (Au NRs)*. Citrate anions are reducing agents of Au ions
and also stabilizers to maintain colloidal stability in Turkevinch’s protocol*'. However, in general, NPs capped
with those ligands are not always ideal for exposure in biological environments®. For instance, the initial
colloidal stability of Au NPs provided by citrate ions via electrostatic force is insufficient when exposed to
phosphate buffer (PBS) or cell medium (Figurel-1). The presence of counterions in media would easily
counteract the charges on the NPs surface, and NPs tend to aggregate or agglomerate. Another point is that
some NPs are prepared in organic solvents, in that case, the NPs are hydrophobic. For example, iron oxide
NPs*>43 and QDs* are widely synthesized through decomposing organic reagents under high temperatures.
NPs exposed in biological media are supposed to be hydrophilic, hydrophobic NPs would aggregate via

hydrophobic interaction, thus, a phase transfer or surface modification step is usually necessary. Therefore,
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despite the increasing number of benefits provided by NPs, the colloidal stability of NPs is the pride of place

for further translation and application.
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Figurel-1. (a) Images of citrate-capped Au NPs dispersed in different media, left: Milli-Q water, middle: PBS buffer
right: DMEM without FBS. (b) UV-Vis spectra of citrate-capped Au NPs dispersed in different media.



A great option to improve colloidal stability is to use the amphiphilic polymer. Poly (isobutylene-alt-maleic
anhydride)-graft-dodecyl (PMA) is an amphiphilic polymer developed by our group*-¢, which is composed
of maleic anhydride as the backbone and dodecylamine (DDA) as the side chain. PMA is used to transfer NPs
from being hydrophobic to hydrophilic, the alkyl chains from the organic ligands of NPs interact with DDA
side chains via strong hydrophobic interaction, meanwhile, the anhydride rings were exposed outside and
hydrolyzed into hydrophilic carboxyl groups. After PMA coating using a rotary evaporator, NPs could
disperse in multiple aqueous solutions with excellent colloidal stability. In addition, PMA could be further
modified by attaching amino groups of other molecules through an anhydride ring-opening reaction, such as
fluorophores, difunctional chelates, etc. With modified PMA-coated NPs, multifunctional nanosystems can
be achieved, such as bioimaging, drug delivery, and targeting*-*8. Another common approach to improve
colloidal stability is PEGylation. Poly (ethylene glycol) (PEG) is a synthetic polymer, also known as
polyethylene oxide (PEO). In the biomedical field, PEG is a U.S. Food and Drug Administration (FDA)
approved gold standard to prolong blood circulation of drugs and improve drug stability*®°. For example,
both mMRNA-1273 (Moderna) and BNT162b2 (Pfizer-BioNTech) vaccines incorporate PEGylating lipids to
increase lipid NPs colloidal stability and reduce nonspecific protein adsorption as well as clearance of the
reticuloendothelial system®. Besremi is another new FDA-approved PEGylated drug, which is used for the
treatment of polycythemia vera®. By attaching PEG molecules and interferon covalently, the activity duration
of interferon in the human body is greatly increased. PEGylation is also widely studied in nanotechnology,
especially, PEG molecules with thiol groups have a strong binding affinity to metal atoms by forming dative
bonds. Steric hindrance created by the PEG layer provides colloidal stability of NPs when electrostatic force
is insufficient to keep NPs stable in biofluids®. In addition, PEG molecules are soluble in some organic

solvents, such as chloroform (CHCIs), thus, PEGylation is also a choice for phase transfer®.

Biomolecular layer: Unlike the bulk materials, the higher surface free energy of NPs leads to adsorption of
proteins, DNA, sugars, lipids, and ions on the surfaces once exposed to biological environments, forming
so- called “biomolecular corona™®, now it is mainly called “protein corona”, coined by Dawson group in
2007%®. It suggests that the formation of protein corona endows NPs with a new biological identity different
from the initial physicochemical properties themselves. Afterward, an increasing number of studies prompt a
deeper understanding of protein corona. For example, Lundgvist and co-workers found NPs size and surface
properties play an important role in determining protein corona profile®’. Milani et al. proposed the conception
of the soft and hard corona to interpret the kinetics changes of the protein corona®. The hard corona on the
surface of NPs is irreversible, whereas the weakly bound soft corona on the outside could dynamic exchange
with proteins in the media in a competitive manner based on the VVroman effect. A comprehensive proteomics

analysis of NPs exposure in human blood plasma was carried out by Tenzer and colleagues, 125 proteins
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identified in plasma corona were analyzed using bioinformatics methods, indicating the complexity of plasma
corona®. Furthermore, a great variety of evidence indicates the formation of protein corona will lead to various
biological responses, including cellular uptake, reduced toxicity, complement activation, blood coagulation,
autophagy, etc®%4, In addition, protein corona will also change the biodistribution of NPs in vivo®, greatly
limiting the clinical translation of nanomedicine. It was reported that only 0.7% of administered nanoparticles
were able to reach the tumor targets, there was only 0.9% of efficiency even for active targeting®. Protein
corona is one of the main reasons resulting in low delivery efficiency except for some natural biological

barriers in vivo.

Although vast amounts of efforts have been made, a detailed understanding of protein corona is still urgently
needed. To date, reducing or exploiting are two main directions for protein corona study. As mentioned above,
PEG is widely regarded as a stealth polymer due to hydration of hydrophilic polyether backbone preventing
protein adsorption, however, there are still some other proteins adsorbed to PEGylated NPs, such as clusterin®’.
How those proteins function towards protein corona formation is still far from clear. Zwitterionic NPs also
draw plenty of attention as a novel strategy to reduce protein adsorption, like PEGylation, zwitterionic
polymer reduces protein adsorption as a result of inducing a hydration layer as a steric hindrance effect to
cover active binding targets®. Unlike reducing protein adsorption, since protein corona profiles vary as NPs
physicochemical properties, scientists are trying to acquire desired protein corona via controlling some
properties, such as size, shape, composition, as well as surface modification. For instance, due to the capacity
in translocating across the blood-brain barrier, Wang et al designed a graphene quantum dots (GQDs) based
inhibitor to treat neurodegenerative diseases by driving human islet amyloid polypeptide (IAPP) fibrillization
off-pathway to eliminate toxicity, the latter is considered as the hallmark of type 2 diabetes®. Rodriguez and
co-workers developed NPs linked with CD47 glycoprotein, CD47 is a membrane protein in mice, which can
impede phagocytic clearance by signaling with phagocyte receptor™. In that system, integrating CD47 with
NPs greatly enhanced the delivery efficiency of NPs.
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1.3 Motivation of this study

Thanks to the sustaining efforts of scientists, some new insights towards NPs have come into our classical
theory in the last decades. However, most studies were performed from a qualitative view, which likely makes
them difficult to compare with each other among different studies. Therefore, it is somehow reasonable that
many similar studies often lead to debatable conclusions. It is challenging to make other variables at the same
condition in different studies, while some of which might be crucial for those studies. Given the
multi- compartmental nature of NPs in biological environments, there is a need to have a better understanding
of those nano-bio interactions in a quantitative way. Herein, we quantitatively evaluated the biological effects
of multi-compartmental Au NPs with different ligands from plants to animals, even more, detailed cells. We
hope our study could help find something new and make a small contribution to the application of NPs in the
biomedical field.



2 Quantitative evaluation of the biodistributions of
gold and i1odine in Matricaria chamomile with
ICP- MS

2.1 Introduction

Climate change has been becoming a serious issue around the world, such as ice melting, sea-level rise,
biodiversity loss, etc. leading to more and more extreme weather emerging, of which, the most significant
cause is human activities, including increased fossil fuel usage, deforestation, and increasingly intensive
agriculture™ 72, As a result, a growing chorus of greenhouse gases is released into the environment, which
disrupts the balance of our ecological system. Fortunately, many countries are prioritizing this issue and taking
action to prevent our planet from being inhabitable. For example, Paris Agreement is the most important
global response among over 170 countries to tackle climate change’ . Therefore, for our future, it is urgent
to stop climate change.

Plants are considered a pivotal lever that influences climate change’. One reason is that forests are the second
biggest carbon sink after the ocean on earth. 30 % of carbon emissions are stored in forests’®. Reducing the
level of atmospheric carbon dioxide by planting more and more trees is the most potential and simple way of
climate change mitigation. Another aspect is current industrial agriculture is the main cause of the generation
of greenhouse gases’’. Industrial agriculture practices such as increased use of pesticides and synthetic
fertilizers are generating more and more greenhouse gases throughout manufacture, transport, and
application’®. Monocultures change biodiversity and make the ecological system unstable’. Deforestation and
degradation are reducing the capability to store carbon®. Especially, the shortage of food caused by extreme
weather further speeds up the vicious circle®!. Thus, there is an urgent need to keep the balance between food

supply and carbon sequestration.

Nanotechnology has been showing great potential in multiple fields including energy, food, biomedicine,
environment, etc®%%. Equally, all these applications can play a significant role in climate change mitigation.
With the property of high surface area, nanomaterials could absorb greenhouse gases directly®. Lightweight
materials made from nanomaterials are a great alternative for vehicles®”. Nanomaterials as catalysts enable us
to improve fuel efficiency and reduce consumption®. Nanotechnology could enhance the battery power by
orders of magnitude, which would greatly promote the popularity of new energy vehicles®. Without doubts,
nanotechnology can also be applied to optimizing plants to indirectly mitigate climate change. One promising

10



strategy is to transplant the conception of drug delivery from medicine to plants. Like some small molecules
drugs or biomacromolecules delivered by nanomaterials to some desired targets in our body, various nutrients,
even genetic materials are also necessary to be delivered to plants to facilitate the growth of plants®®-92, While
the existence of biological barriers in plants always makes it difficult to achieve®. Nanoparticles are widely
studied as carriers in hanomedicine, which could facilitate targeted delivery in vivo. Likewise, we can also
deliver nutrients or genetic materials to plants with nanoparticles so that get some more sustainable plants or
new species. However, the study of NPs delivery in plants is not as common as in animals®, especially how
physicochemical properties of NPs affect the delivery is still poorly understood®*®. For instance, is this
process also as size-dependent on NPs as that in animals? Does the polymer shell around NPs also affect the
biodistribution in plants? And are there also protein corona formation upon NPs exposure in plant
environments? What is the relationship between the polymer shell and protein corona in plants? Altogether,
there are too many questions that need to be detailed and studied.

In the present work, we prepared a library of hydrophilic Au NPs with different sizes and different polymer
shells. Matricaria chamomile was chosen as the plant model. Upon exposure to different Au NPs, as well as
gold salts, gold (lI1) chloride trihydrate, and iodine (potassium iodide and iohexol), we quantitatively
evaluated the biodistribution of gold and iodine in chamomile at different incubation times. Furthermore, we
introduced ICP-MS as a quantitative evaluation technique in NPs quantitative analysis, which provides a good

reference for multi-compartmental NPs quantification in more complex environments.

2.2 Experiments and methods

2.2.1 Preparation of Au NPs, gold salts, and iodine

The library of Au NPs was prepared by my colleague, Yang Liu. According to different protocols, we obtained
different sizes of Au NPs stabilizing with different polymer shells. Of which, 6-aza-2-thiothymine-capped Au
NPs, acetylcysteine-capped Au NPs, BSA-capped Au NPs, and PMA-capped Au NPs were denoted as
ATT@AuU NPs, ACC@Au NPs, BSA@AuU NPs, and PMA@AuU NPs, respectively. PMA@AuU NPs with
different sizes were synthesized with the seed growth method in an aqueous solution and post-overcoated with
PMA polymer. Gold (111) chloride trinydrate (HAuUCIl4+3H,0, #16961-25-4), potassium iodide (KI, 99.99%,
#204102), and iohexol (#74147) were directly purchased from Sigma-Aldrich.

2.2.2 Chamomile incubation with gold and iodine

Chamomile was bought from a flower shop in Hamburg. The physical samples were shown in Figure 2-1.
11



Chamomile with similar sizes was chosen and cut into a single flower with a ca. 4 cm length stem. 1mL of
Au NPs with the concentration of 100 pg/mL was added to a 2-mL Eppendorf tube, respectively. Three as- cut
flowers were placed in one tube and incubated for 6 h, 12 h, 24 h, and 48 h. As shown in Figure 2-2, make
sure the end of the tail was immersed in the solution. To have a better reference, Kl or iohexol with 100 pug/mL

of iodine concentration were also added to the solution.

12



Figure 2-2. Picture for gold (HAuCl, and Au NPs) and iodine (KI and iohexol) solution incubated with chamomile
(Photo taken by Yang Liu).

13



2.2.3 ICP-MS measurement

ICP-MS is a technique that mass spectrometer tandemmed with inductively coupled plasma. Inductively
coupled plasma is the high temperature (>7,000 K) ions source of samples which ionized by inductively
heating argon gas with an electromagnetic coil. Of which, the single positive charged ions were extracted into
the mass spectrometer, according to the difference in mass-to-charge (m/z) ratio, different elements or isotopes
can be separated. Finally, the ions signals were recorded by a detector, and the concentration of different
elements or isotopes was acquired. ICP-MS is a highly sensitive technique with a very low limit of detection

(ppb to ppt level) and multiplex property. It is widely used in trace element quantification.

2.2.3.1 ICP-MS samples preparation

After incubation, the flowers were cut into six parts (the length of each stem was ca. 1 cm) as shown in Figure
2-3A and weighed for each part. Then, each part of the flower was placed into a glass tube and burned under
a heating gun until carbonization. Next, 200 pL of aqua regia was added into the tube to digest each part for
48 h. The samples were diluted by 1.8 mL of 2% concentrated hydrochloric acid (HCI, % v/v, 34-37 %, Fisher
chemical, #4121030), and the black insoluble substances were filtered with a syringe filter (pore size:

0.22 um). The filtrate was transferred into a 5 mL PFA tube for ICP-MS measurement.

14



Figure 2-3. (A) Each flower is divided into 6 parts. (B) The flower parts are put in separate glass tubes. (C, D) A
heating gun is used for burning the flower parts at 650 °C. (E) Picture of the different flower parts after burning. (F)

The burned flower parts are digested in 200 ul aqua regia for 48 h. (Photos taken by Yang Liu)
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2.2.3.2 ICP-MS measurement and data evaluation

All samples were measured with an Agilent 7700 series ICP-MS. Each group of samples was at least triplicate.
For each flower that was incubated with Au NPs or Kl/iohexol the following values were recorded at the
respective incubation time points in an Excel file: Mass of all 6 flower parts (stem 1, stem 2, stem 3, stem 4,
blossom, petals), i.e. Mrower(Stem 1), Maower(SteM 2), Miower(Stem 3), Mrower(SteM 4), Maower(blossom),
Mower(petals), and the mass of Au and/or | found in the respective flower part, i.e. may(stem 1), may(Stem 2),
Mau(stem 3), mau(stem 4), may(blossom), may(petals), mi(stem 1), mi(stem 2), mi(stem 3), m(stem 4),
mi(blossom), mi(petals). Note, that the drastic outliers were removed from the statistics.

2.3 Results and discussions

2.3.1 Characterization of the library of Au NPs

The transmission electron microscopy (TEM) images of the library of Au NPs were shown in Figure 2-4. The
diameters of the Au NPs range from 1 nm to 100 nm. The size distributions of different Au NPs in TEM
images were acquired by counting 100 of NPs with Image-J software. The histograms were shown in Figure
2-5. Other characterizations including ultraviolet-visible (UV-Vis) absorption spectra, dynamic light
scattering (DLS), and zeta potential were also performed (not shown here), please refer to Yang’s thesis or

our publication for the detailed results.
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Figure 2-4. TEM images of the library of Au NPs. (A) ATT@Au NPs (scale bar: 9 nm), (B) ACC@Au NPs (scale
bar:7 nm), (C) PMA@Au NPs (5nm core, scale bar: 20 nm), (D) BSA@Au NPs (scale bar: 50 nm), (E) PMA@Au
NPs (14 nm core, scale bar: 50 nm), (F) PMA@Au NPs (31 nm core, scale bar: 50 nm), (G)PMA@Au NPs (54 nm
core, scale bar:50 nm), (H) PMA@Au NPs (94 nm core, scale bar: 50 nm) (Images taken by Marta Gallego).
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Figure 2-5. Histograms of the library of Au NPs core size distribution. (A) ATT@Au NPs (1.3730.37 nm), (B)
ACC@Au NPs (1.5640.52 nm), (C) PMA@Au NPs (5nm core, 5.4940.91 nm), (D) BSA@Au NPs (10.4240.90 nm),
(E) PMA@AuU NPs (14 nm core, 13.72+1.83 nm), (F) PMA@Au NPs (31nm core, 30.5243.12 nm), (G)PMA@Au NPs

(54 nm core, 53.9045.33 nm), (H) PMA@Au NPs (94 nm core, 94.48+10.20 nm) (Histograms plotted by Yang Liu).
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2.3.2 Quantitative evaluation of the biodistributions of gold and iodine in

chamomile

2.3.2.1 Different biodistributions of gold and iodine

As shown in Figure 2-6 and Figure 2-7, the biodistribution of iodine and gold is significantly different. In the
case of iodine (both KI and iohexol), the petals absorbed the most iodine after 48 h incubation. While
compared to the iohexol group, at 24 h incubation more Kl was accumulated in the stem rather than in petals,
indicating the iodine absorption of the KI group was slower than the iohexol group. In contrast, regardless of
the sizes of NPs, gold (both HAuUCIs 3H,0 and Au NPs groups) was mainly accumulated in stem 1 except
ACC@AuU NPs group, suggesting the difficult transportation of gold. For ACC@Au NPs, there is a similar
biodistribution as iodine. We speculated that the different biodistributions are likely due to there might be
some ionic channels or transporters existing on the cells of petals for iodine and ACC@Au NPs uptake.
Although there are no relevant iodine-specific ionic channels or transporters reported yet, some analogs such
as chloride transporters might be able to do this job. For ACC@Au NPs, the surface ligands are acetylcysteine.
There are various natural amino acid transporters in plant cells, therefore, the absorption of ACC@Au NPs
was much easier than other Au NPs or Au ions.
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Figure 2-6. The amount of gold or iodine found in the respective flower parts, normalized to the mass of the flower
parts, plotted versus the position of the flower parts along the stem.

Figure 2-7. The amount of gold or iodine found in the respective flower parts, normalized to the total mass of gold or
iodine found in the whole flower, plotted versus the position of the flower parts along the stem.
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2.3.2.2 Time-dependent transportation of iodine and gold

In Figure 2-8 and Figure 2-9, it is obvious that the accumulation of gold and iodine was time-dependent. After
48 h incubation, the maximum uptake of gold was ca. 1200 ng per 1 mg of flowers, and the maximum of
iodine was ca. 80 ng per 1 mg of flowers. The different accumulation amounts of gold and iodine might result
from the special internal structure in the stem. The vascular tissues of plants are responsible for the
transportation of substances. There are two types of vascular tissues, called xylem and phloem. Xylem
transports water and minerals via transpiration while phloem transports nutrients via diffusions, such as sugars
or amino acids. Both the processes are driven by physical forces. Therefore, all of the uptaken elements would
increase with the increase of incubation time. In addition, phloem is composed of live cells, in which sieve
plates play important roles in nutritional choice and preventing animal intrusion. Therefore, we suspect that
those Au NPs apart from ACC@Au NPs would be considered exogenous substances so they are not able to
be transported via the phloem. The xylem consists of elongated dead cells without cytoplasm, and there are
no sieve plates in the xylem. In this case, the xylem pathway is a better choice for NPs transportation. However,
given the vascular structure of chamomile was not our focus in this study, more detailed structural information
should be involved in the future. In addition, the percentage of iohexol in petals was much higher than in other
parts of the flower even at 6 h incubation, whereas the same phenomenon was observed in the Kl group until
48 h incubation (Figure 2-9 left), suggesting the slower transportation of Kl, which has a good agreement with

that mentioned above.
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Figure 2-8. The amount of gold or iodine found in the respective flower parts, normalized to the mass of the flower

parts, plotted versus the position of the flower parts along the stem.
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Figure 2-9. The amount of gold or iodine found in the respective flower parts, normalized to the total mass of gold or

iodine found in the whole flower, plotted versus the position of the flower parts along the stem.
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2.3.2.3 Size-dependent transportation of Au NPs

Although the sizes of ACC@Au NPs (1.6 nm) and ATT@Au NPs (1.4 nm) are similar, the different
biodistributions demonstrated that the surface chemistry is crucial to Au NPs transportation in plants. To prove
the impacts of sizes of Au NPs on transportation in chamomile, we also compared the biodistributions of
different sizes of Au NPs with the same surface coating, PMA (Figure 2-10). The accumulation of PMA@Au
NPs in chamomile increased as the size increased until achieving the maximum absorption at 31 nm. Then,
the accumulation of gold decreased. However, the strong size dependence of PMA@AuU NPs uptake remains
unknown. Note that PMA@AuU NPs were all stuck in the part of stem 1.
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2.4 Conclusion

In this study, we incubated chamomile with different gold and iodine solutions at different times and studied
the biodistributions of gold and iodine in plants. We found that the biodistributions of iodine were quite
different compared to most gold salts/NPs. ACC@Au NPs were the only ones with a similar biodistribution
to iodine. The surface ligands of ACC@AuU NPs were acetylcysteine, which is one form of amino acid. We
guess that ACC@AuU NPs were considered nutrients by plants, and resulted in the different accumulations
compared to other AuNPs. It indicates that surface ligands play a significant role in NPs transportation. In
addition, the transportation of NPs shows a strong size-dependent property. For all the PMA@Au NPs with
different sizes, PMA@AuU NPs (31nm) can deliver the most gold to plants, however, almost all the Au NPs
were stuck in the stem 1. All the gold and iodine solutions uptaken were time-dependent, which suggested a
passive transportation process in our study. Moreover, we used ICP- MS, a high sensitive multiplex elements
analysis technique, to quantify the amounts of Au NPs accumulated in plants, which paves the way for

multi- labeled NPs guantification in more complex biological environments.
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3 Quantitative evaluation of protein adsorption on NPs
and its effects on cellular uptake
3.1 Introduction

The increasing number of studies of nanotechnology has greatly prompted the applications of nanomaterials
in biomedical fields. Of which, drug delivery gains much more attention from pharmaceutical companies,
biotechnology companies, and scientists with different backgrounds?® 9%, Especially, as the concept of
“precision medicine” was proposed, the demands for more intelligent nanodrugs are increasing®. Despite the
great popularity of nanomedicine, there are still too few nanodrugs approved by the U.S. FDA or the European

medicines agency (EMA) compared to plentiful drugs in the preclinical and clinical study©-102,

One of the causes is the complexity of biological environments. Once upon exposure to biological fluids like
blood, urine, and saliva, NPs will inevitably adsorb various biomolecules forming so-called “protein corona’®.
This layer of protein corona confers NPs a new and mysterious “biological identity”, which changes the
physicochemical properties of pristine NPs and makes them uncontrollable as an intelligent theradiagnostic
platform. For instance, protein corona could affect the efficiency of cellular uptake. Yan et al. reported the
different impacts of protein corona on cellular uptake among different immune cells'®. In the case of human
monocytic cells (THP-1), the formation of protein corona could decrease the internalization efficiency of
nanoporous polymer particles, whereas, for differentiated macrophage-like cells (dTHP-1), there were no
significant changes. In another study, Sché&tler and co-workers found the abundance of apolipoprotein J could
inhibit the cellular uptake of polystyrene NPs in macrophages®’. Besides, the presence of complement protein,
immunoglobulins, and fibrinogen was also reported that related to cellular internalization**1%, Protein corona
can also decrease the targeting efficiency of nanodrugs and subsequently change the biodistribution in
vivo!?- 1% One biggest advantage of nanodrugs is the targeting capability by the EPR effect or conjugated
with antibodies. However, in a meta-analysis of the Chan group, only 0.7% of administered NPs were
delivered to solid tumors as desired®. Except for the intrinsic physiological barriers in the body, the formed
protein corona can cover the conjugated antibodies or change the physicochemical properties of NPs so that
not suitable for the EPR effect anymore. As a result, the targeting capability was inhibited and the NPs were
restricted in other organs, even causing toxicity. Moreover, the composition of protein corona varies among
NPs with different sizes, shapes, hydrophilicity, surface chemistry, chirality, etc''%1°, Even for the same NPs,
protein corona could also alter dynamically*?-'21, All mentioned above make protein corona difficult to clarify

but essential for nanodrugs translation.
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In this study, we prepared two types of NPs with different surface chemistry, and systematically studied the
association between protein corona and cellular uptake. Based on the multi-compartmental nature of NPs, we
labeled each compartment with a specific element, and quantitatively evaluated the cellular uptake efficiencies
from different compartments via ICP-MS. We found that for those NPs with different surface chemistry, the
amounts of internalized core and protein corona layer are not always consistent. To figure it out, we further
studied the protein adsorption processes of two types of NPs in situ by fluorescence correlation spectroscopy

(FCS) and finally related it to cellular internalization.

3.2 Experiments and methods

3.2.1 Synthesis of 17 nm Au NPs

The 17 nm citrate-capped Au NPs were prepared via reducing HAuCl4+3H,O by sodium citrate dihydrate
according to a modified Bastus’ method*??. Briefly, 0.2 mmol sodium citrate dihydrate (Alfa Aesar,
#6132- 04-3) dissolved in 150 mL Milli-Q water was placed in a 250 mL three-neck round-bottomed flask
connected with a condenser and heated up with a heating mantle until boiling. After ca. 5 min, 0.025 mmol of
HAuUCI4+3H,0 dissolved in 1.5 mL Milli-Q water was quickly injected under vigorous stirring for another
10 min. During this time, the mixture’s color change was observed from pale yellow to light blue and then to
wine red, indicating the growth of Au NPs. Then, the Au NPs solution was cooled down to room temperature
under stirring. The products were purified by centrifugation at 9,000 rpm for 30 min, the supernatant was
discarded and the precipitate was redispersed in Milli-Q water. Purification was carried out twice and the

precipitate was collected for further characterization and modification.

3.2.2 Au NPs shell labeling

In this study, amphiphilic polymer PMA and poly (ethylene glycol, PEG) were used as two different surface
chemistry strategies. Gadolinium (Gd) labels were conjugated to two polymers using different difunctional
chelates 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) derivatives, respectively. DOTA
is a macrocyclic chelator with thermodynamic stability and kinetic inertness which has been widely
investigated in a range of biomedical applications, including MRI (Gd**), positron emission tomography (PET,
8Ga®", 883" %4Cu?*) imaging, and single-photon emission computed tomography (SPECT, *In®*") imaging'%.
Attaching labeled DOTA complexes to the Au NPs polymer shell enables us to detect the time-dependent
changes of two shells in biological environments, like the degradation of the polymer shell of Au NPs upon
cellular endocytosis. It is worth noting that to perform a quantitative evaluation of cellular uptake experiment,

non-specific adsorption of Gd tags is supposed to be avoided. In our previous study, DOTA complexes were
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often used as a post-labeling strategy i.e., metal ions were chelated after polymer modified with DOTA?,
However, there is also electrostatic force between metal ions and the functional groups (- COO-, -POs?, etc.)
of the polymer itself, which is always a challenge for a quantitative study. Therefore, in the present study, we

choose a pre-labeling approach.

3.2.2.1 PMA Au NPs labeling

PMA was an amphiphilic polymer developed by our group, which could be further modified by attaching
other molecules with amino groups, including fluorophores, difunctional chelates, etc., of which DDA,
provided the hydrophobic side chains and maleic anhydride rings from the backbone of PMA hydrolyzed

forming hydrophilic carboxyl groups. The schematic illustration was shown in Figure 3-1.
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Figure 3-1. Scheme of Gd labeled PMA Au NPs (Gd-PMA Au NPs) preparation. (a) Synthesis of normal PMA. (b)
Preparation of Gd-DOTA-PEG4-NH; complexes. (c) Synthesis of Gd labeled PMA (Gd-PMA). (d) Polymer coating.
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1) Preparation of Gd labeled PMA
1.1) Preparation of Gd labeled DOTA chelator (Gd-DOTA-PEG4-NH,)

DOTA chelator labeling with Gd was done by Malte Holzpfel from Wolfgang Maison group. 68.1 mg of
DOTA-PEG4-NH2 (109 pmol, 1.00 eq) (#C125, CheMatech) and 43.9 mg of gadolinium (1I1) oxide
(121 pmol,1.11 eq) (Gd:0s3, Sigma, #12064- 62-9) were dissolved in 3.50 mL of ammonium acetate
(NH4OACc) buffer (pH 5.5) and stirred for 3 h at 90 <C. Then, the solution was freeze-dried and purified by
reversed-phase column chromatography ( C18, HO/CHs;CN with 0.1% HCO:H, 99:1—0:1). The product
Gd- DOTA-PEG4-NH; yielded as a white solid (64.5 mg, 83.0 umol, 76%).

1.2) Synthesis of normal PMA

The normal PMA was prepared as reported in the previous study*. 3.084 g of poly (isobutylene-alt-maleic
anhydride) (average Mw~ 6,000g/mol, 39 monomer units for each polymer, Sigma, #531278) was placed in
a 150 mL round-bottom flask. Then, 100 mL of tetrahydrofuran (THF, Aldrich #186562) was injected,
followed by adding 2.70 g of DDA (98%, Fluka, # 44170). The mixture was vigorously stirred at 60 T
overnight and slowly evaporated by a rotary evaporator (Heidolph, Germany) until a thin PMA film formed
around the flask bottom. 40 mL of anhydrous CHCIs (VWR, #22707.320) was added to redissolve the PMA
film under sonication. Finally, the amphiphilic polymer was yielded with a 0.5 M of monomer concentration.

1.3) Synthesis of Gd labeled PMA (Gd-PMA)

In a 25 mL round-bottom flask, 2.329 mL of normal PMA (0.5 M) and 27.2 mg of Gd- DOTA- PEG4-NH:
were dissolved in 20 mL of dimethylformamide (DMF, Sigma-Aldrich, #227056) under stirring at 60 <T for
6 h. Afterward, the mixture was completely evaporated under reduced pressure and redissolved in 23.29 mL

of CHCls. The final Gd labeled PMA was acquired with 0.05 M of monomer concentration.
2) Polymer coating

Before polymer coating, we conducted a phase transfer procedure to make citrate-capped Au NPs from being
hydrophilic to hydrophobic. Excess a-Methoxy-o-mercapto PEG (CH3O-PEG-SH, 2k Da, Rapp Polymere,
#122000-40, ceec/cnrs=30,000) was dissolved in as-prepared citrate capped Au NPs under stirring for 2 h. The
PEGylation was performed by forming dative bonds due to Au atoms from the Au NPs surface coordinating
with sulfur atoms of PEG molecules. Then the PEGylated Au NPs were washed twice by centrifugation at
9,000 rpm for 30 min to remove excess CHs;O-PEG-SH molecules. Next, in a 150 mL round-bottom flask, the

precipitate of PEGylated Au NPs was resuspended in 40 mL of Milli-Q water under vigorously stirring,
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followed by adding 40 mL of CHCI; and a certain amount of DDA (Copa/Cnes=10,000,000) until PEGylated
Au NPs in H,O phase transferred to CHCI; phase, indicating hydrophobic DDA-capped Au NPs yielded. The
DDA-capped Au NPs in CHCI; were centrifuged three times (9,000 rpm, 30 min) to remove excess DDA
molecules. For each centrifugation, the precipitate was collected. Then, all the collected Au NPs dispersed in

fresh CHCI; and the concentration was determined by a UV-Vis spectrum.

Polymer coating was performed by hydrophobic interaction of DDA alkane chain from Au NPs and PMA
under reduced pressure evaporation. The amount of PMA monomer units used was calculated based on the
total surface area of NPs. In this study, we adopted Rp/area=2000 units/nm?, which referred to as 2000 monomer
units were added per nm? of effective NPs surface area. The effective NPs surface area was calculated
according to the number of NPs times the surface area of one single NP. The formulas were shown below.

N =C* V* Na

Ao = 4r* (det/ 2) 2

defr = deore + 2 liigand

A=N*A,

N: Number of Au NPs in the solution

C: Molar concentration of the Au NPs solution (mol/l)
V: Volume of the Au NPs solution (I)

Na: Avogadro constant

Ao: Surface area of a single Au NPs (nm?)

desr: Effective diameter of one Au NP

dcore: The average diameter of Au core

ligana: The thickness of the surfactant shell, which was assumed 1nm (nm)
A: The total surface area of all the Au NPs

In general, DDA-capped Au NPs and Gd-PMA were mixed in 50 mL of CHCI; in a 150 mL round-bottom
flask. The mixture was slowly evaporated three times until all solvent was completely gone under a reduced
pressure evaporator. 5 mL of borate buffered saline (BBS, 50 mM, pH 10) was added with several seconds of
sonication. When Gd-PMA coated Au NPs redispersed in the aqueous solution, a washing step with Milli-Q
water was carried out by centrifugation (9,000 rpm, 30 min, 4 times) to remove excess Gd-PMA, and the
precipitate was purified Gd-PMA Au NPs.

3.2.2.2 PEG AuNPs labeling

PEG is intensively used to extend the circulation time of drugs or provide colloidal stability of NPs as stealth
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polymer via steric repulsion. By conjugating with another DOTA chelator, PEGylated NPs can also be labeled

with radioactive and nonradioactive heavy metal elements, including Gd, indium, etc.
1) Ligand exchange

75 mL of 20 nM citrate-capped Au NPs and 135 mg of HS-C;H4,-CONH-PEG-0-C3Hg-COOH (3k Da, Rapp
Polymere, #133000-4-32, cpec/Cnes =30, 000) were placed in a 100 mL flask under magnetic stirring at room
temperature overnight. Afterward, the mixture was washed twice by centrifugation (30 min at 9,000 rpm),

yielding PEGylated Au NPs with carboxyl groups.
2) Gd labeling of PEGylated Au NPs

Gd labeled PEGylated Au NPs were prepared by EDC coupling, where a difunctional chelator
p- NH,- Bn- DOTA (Macrocyclics, #B-200) with Gd tag conjugated with carboxyl groups of PEGylated Au
NPs. In general, 20 mg of p-NH>-Bn-DOTA was mixed with 22.9 mg of gadolinium (111) chloride hexahydrate
(GdCl; 6H,0, Sigma-Aldrich, #G7532) in 3.8 mL of 4- Morpholineethanesulfonic acid (MES hydrate,
Sigma-Aldrich, #M8250-100G) buffer (50 mM, pH 6) in a 15 mL glass vial. The mixture was stirred at 90 <C
for 1 h, yielding Gd labeled p-NH2-Bn-DOTA chelator. Then, 146 uL of PEGylated Au NPs (522 nM) was
added to another vial, followed by adding 77.4 mg of N-(3-Dimethylaminopropyl)-N'-ethyl carbodiimide
hydrochloride (EDC, Sigma, #161462) with stirring at room temperature for 20 min to activate the carboxyl
groups of PEGylated Au NPs. Thereafter, the activated Au NPs were concentrated by an Amicon Ultra-15
centrifugal filter unit (MWCO:100k Da, 15 mL, Sigma- Aldrich) to remove the by-product and excess EDC.
Next, 238 pL of Gd labeled p- NH>-Bn-DOTA chelator prepared above was mixed with the activated
PEGylated NPs under stirring overnight. The products were purified four times by centrifugation at 9,000 rpm

for 30 min.
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Figure 3-2. Scheme of Gd labeled PEG Au NPs (Gd-PEG Au NPs) preparation. (a) Synthesis of Gd labeled

p- NH2- Bn-DOTA. (b) Preparation of Gd labeled PEG Au NPs (Gd-PEG Au NPs).
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To make sure there was no nonspecific adsorption presence of Gd ions, Gd-PMA AuNPs and Gd- PEG Au
NPs were both concentrated using Ultra-15 centrifugal filters (MWCO: 100k Da), and the filtrates were

collected and measured by ICP-MS until no Gd signal was detected.

3.2.3 Protein labeling

3.2.3.1 Labeling of BSA with iodine (I-BSA)

1) Preparation of I-BSA

BSA (Sigma-Aldrich, #A2153) was labeled with 3-lodobenzylamine hydrochloride (TCL, #107101G). The
labeling procedure was carried out by EDC chemistry. Briefly, 47.5 mg of BSA were dissolved in 3 mL of
MES buffer (50 mM, pH 6) under gentle stirring at room temperature, and 26 mg of EDC powders were
added to the protein solution for 20 min to activate the carboxyl group on BSA. 19 mg of iodine molecules

were then added to the mixture (Cesa/Ciodine = 1:100) and incubated for 4 h.
2) Purification

The products above were transferred to an Amicon Ultra-4 centrifugal filter (MWCO: 3k Da, Merck,
#36100101) and washed several times by centrifugation at 9,000 rpm for 30min to get rid of EDC by-products
and excess iodine molecules. For each centrifugation, the filtrates were collected and measured by ICP-MS
until no iodine molecules were detected. Herein, 4 times of washing was enough to remove unreacted iodine
molecules. Afterward, the concentration of I-BSA was determined by Bradford assay according to the

standard protocol.

3.2.3.2 Transferrin labeling with Europium (Eu-Tf)
1) Preparation of Eu-Tf

Holo-bovine-transferrin (Tf, 88k Da, Sigma-Aldrich, #T1283) was labeled with Europium (I1l) chloride
(EuCls, Sigma-Aldrich, #429732). The protocol was carried out as follows. Firstly, 57 mg of Tf were dissolved
in 20 mL of N-2-Hydroxyethylpiperazine-N'-2-ethane sulphonic acid (HEPES, #7365-45-9) buffer (100 mM,
pH 8.5), 27 mg of difunctional chelator DOTA-NHS ester (Macrocyclcis, B-280) were then immediately
added to Tf solution with gentle shaking for 4 h at room temperature. Herein, to avoid hydrolysis,
DOTA- NHS ester should be prepared freshly. Afterward, an Ultra-4 centrifugal filter (MWCO: 3k Da) was
used to filter DOTA-NHS ester hydrolysis by-products at 9,000 rpm for 30 min. The concentrated products
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were transferred to MES buffer (50 mM, pH 6), followed by adding 5 mg of EuCl; with gentle shaking at
43<C for 1 h.

2) Purification

Excess and nonspecific adsorbed Eu ions were removed by an Amicon centrifugal filter (MWCO: 3k Da).
Again, the filtrates were collected and measured by ICP-MS until no Eu atoms were detected. The same with
I-BSA, 4 times washing was applied in our study. Afterward, the concentration of Eu-Tf was determined by

Bradford assay according to the standard protocol.

3.2.3.3 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

Since both amino and carboxyl groups are on BSA molecules, it is inevitable to form linked BSA. To confirm
this, SDS-PAGE was used to identify the labeled BSA.

Gel preparation. 10% of separating gel and 4% of stacking gel were prepared according to the recipes in
Table 3-1. Generally, clean up all the stuff and set the casting frame (1.5 mm thickness of gap) on a casting
stands before gel preparation. 7 mL of 10 % separating gel solution prepared according to the recipe was
immediately poured into the gap of a casting frame. 3 mL of Milli-Q water was filled on top of the separating
gel until an overflow. After ca. 20-30 min, Milli- Q water was discarded when gelation of separating gel
solution. Next, stacking gel solution was prepared and immediately pipetted into the gap until an overflow. A
10-well comb was inserted carefully without trapping bubbles under the teeth. Waiting another 20-30 min

until gelation.

Sample preparation. Protein samples were mixed with the same volume of loading buffer (2>d_aemmli buffer,
Bio-Rad, #161-0737) and boiled at 120 <C for 10 min.

Sample loading and running. Gels in glass plates were taken out from the casting frame and set in a cell
buffer dam. Electrophoresis buffer was poured into the inner chamber of the cell buffer dam until an overflow,
also in the outer chamber, a required amount of electrophoresis buffer was added. Next, 20 puL of samples and
10 pL of the marker were loaded into each well of stacking gel, respectively. Then cover the lid and set the

volt at 100 V and time at 110 min.

Gel staining and destaining. After gel electrophoresis, the gel was taken out of the chamber carefully and
placed in a glass beaker. Coomassie blue dye was added to ensure submerge the gel, and shaken at least for
2 h. Afterward, coomassie blue dye was discarded and a certain amount of destaining solution was added for

24 h. The destaining solution should be changed 2-4 times during that time. Finally, the gel was taken out and
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photographed.

Table 3-1. Recipes of separating and stacking gels.

Separating gel Stacking gel
4% 10%
40% Acrylamide solution (Bio-Rad, #1610146) 0.5mL 2.5mL
1.5 M Tris-HCI buffer, pH 8.8 - 25 mL
0.5 M Tris-HCI buffer, pH 6.8 1.25 mL -
Mill-Q water 3.23 mL 4.95 mL
10% APS (Sigma, #215589) 50 uL 100 uL
TEMED (Sigma, #T79281) SulL 4 ul
APS: ammonium persulfate; TEMED: tetramethylethylenediamine
Table 3-2. Recipe of coomassie blue dye.
Coomassie blue G-250 (Roth, #9598.1)
Isopropanol (Sigma, #67630) 250 mL
Acetic acid (Sigma,#A6283) 100 mL
Mill-Q water 650 mL
Table 3-3. Recipe of destaining solution.
Methanol (Roth, #4627.6) 400 mL
Acetic acid 100 mL
Mill-Q water 500 mL

3.2.4 Cell culture

HeLa cells were used as the cell model, which was purchased from American Type Culture Collection (ATCC,

Manassas, VA, USA). HeLa cells were cultured in the DMEM cell medium supplemented with 10% of fetal

bovine serum (FBS, Biochrom, #S0615) and 1% of Gibco Penicillin-Streptomycin (P/S, Fisher scientific,

10.000 U/mL, #11548876) in an incubator with 5% of CO;at 37 <C.

3.2.4.1 Cell viability

Before the endocytosis experiment, a resazurin assay was conducted to evaluate cell viability upon

NPs/protein exposure!?.
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In general, 100 pL of HeLa cell suspension at a density of 7.5x10° cells/mL in complete medium were seeded
in a 96-well plate (Sarstedt, Germany) overnight. For each well, the growth area is 0.32 cm?. The stock solution
of as-prepared Au NPs was diluted by a complete cell medium to a concentration series from 0.234 pg/mL to
480 pg/mL (Table 3-4). Then, the old cell medium was aspirated and 100 pL of Au NPs suspension in cell
media was added to each well. After 24 h incubation with Au NPs, cells were washed with 100 puL of PBS
buffer once. Resazurin sodium salt (Sigma-Aldrich, # R7017) dissolved in the complete cell medium with a
concentration of 25 pg/mL was added to each well and incubated in the incubator for 4 h. The color of the
mixture changed from blue-violet to magenta, indicating resazurin was reduced to fluorescent resorufin. A
fluorometer (Fluorolog-3, Horiba Jobin Yvon, USA) coupled with a microplate reader was used to record the
emission spectra from 570 nm to 650 nm upon excitation at 560 nm. Three independent experiments were
conducted and triplicates for each experiment. The intensity at 585 nm is the value of the maximum spectrum,
and the intensity at 645 nm is the background. The cell viability (V) was calculated as follows normalized

maximum intensity equation:

I(NP 585nm) — I (NP _ 645nm)
I (ctr _585nm) — I (ctr _645nm)

x100%

I (NP_585 nm): Fluorescence intensity of cells with NPs exposure at 585 nm
I (NP_645 nm): Fluorescence intensity of cells with NPs exposure at 645 nm
I (ctr_585nm): Fluorescence intensity of cells without NPs exposure at 585nm

I (ctr_645nm): Fluorescence intensity of cells without NPs exposure at 645nm

Meanwhile, we evaluated the toxicity of labeled proteins (1-BSA and Eu-Tf) and free ions (Gd** and Eu®") as
the protocol aforementioned. The exposure concentrations were listed in Table 3-5 and Table 3-6. Of note,
we did the cellular uptake experiment later in DMEM cell medium without 10% FBS, therefore, the cellular

toxicity assay of labeled proteins was also done without FBS.
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Table 3-4. Exposure concentrations of Au NPs for cell viability assay. Each concentration was diluted by a two-fold

serial dilution.
Samples Concentration range (ug/mlL)
Gd-PMA Au NPs 0.234-480
Gd-PEG Au NPs 0.234-480

Table 3-5. Exposure concentrations of labelled proteins for cell viability assay. Each concentration was diluted by a

two-fold serial dilution.

Samples Concentration range (ug/mlL)
Eu-Tf 0.195-400
I-BSA 0.390-800

Table 3-6. Exposure concentrations of free ions (Eu or Gd) for cell viability assay. Each concentration was diluted by a

two-fold serial dilution.

Samples Concentration range (ng/mL)
Eu ions 1.465-3000
Gd ions 1.465-3000

3.2.4.2 Cellular uptake experiment

1) Au NPs-proteins complexes endocytosis study

2 mL of HeLa cell suspension in DMEM complete medium were seeded in a 6-well plate (Sarstedt, Germany)
with a growth area of 8.87cm? at a density of 2.0 x<10° cells/mL. On the next day, 120 pg/mL of Au NPs were
mixed with 200 pg/mL of I-BSA and 50 pg/mL of Eu-Tf in a DMEM cell medium without FBS. The old
medium in each well was discarded and the mixed Au NPs-proteins complexes were added immediately. After
0, 6, 12, 18, and 24 h of incubation, the supernatants in the plate were collected for ICP- MS measurement,
and cells were washed with PBS buffer three times to get rid of the non-endocytosed complexes, followed by
the addition of 200 pL of 0.05% trypsin-EDTA (Thermo Fisher, 0.05%, #2530054) to detach cells. 1 mL of
PBS was then added to each well, all the cells were collected and 10 pL of cell suspension was taken and
counted by cell counting chamber (Neubauer Chamber, Celeromics Technologies, Spain). Next, the rest cell
suspensions were centrifuged at 4,000 rpm for 10 min, the cell pellets were collected in 2 mL Eppendorf tubes

for ICP-MS measurements. Three independent experiments were conducted and duplicated for each batch.
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2) Free ions endocytosis study

To better compare with NPs cellular uptake study, control samples containing only Eu ions or Gd ions were
evaluated. Herein, the same concentration of free ions in DMEM cell medium as the labels from Au NPs
proteins complexes were prepared, i.e., HeLa cells exposed to Gd ions with the same Gd amount of Gd- PMA
Au NPs and Gd-PEG Au NPs, HeLa cells exposed to Eu ions with the same Eu amount of Eu- Tf. Hela cells
at a density of 2.0 x<10° cells/mL in a 6-well plate were exposed to the free ions solution. Time- dependent
incubation as mentioned above was carried out. The supernatant and cell pellets were collected and determined
the concentration by ICP-MS.

3.2.4.3 ICP-MS measurement
1) ICP-MS sample preparation

We collected the Au NPs-proteins complexes before exposure, supernatant after incubation, and cell pellets,
and then measured the concentrations via ICP-MS. The protocols of ICP-MS sample preparation are as

follows.

NPs-proteins complexes and supernatant digestion. 50 pL of samples were digested in 75 uL of
concentrated nitric acid (HNOgz, 67 wt%, Fisher chemical, USA) overnight, then 150 uL of concentrated HCI
was added overnight. On the next day, 2 mL of 2 % of HNO; was added to dilute the samples and transferred
into a 5 mL PFA tube for ICP-MS measurement.

Cell pellet digestion. For the cell pellets collected in 2 mL Eppendorf tubes, 75 uL of concentrated HNO3
was added overnight, then 150 puL of concentrated HCl was added to samples overnight. On the third day,
2 mL of 2 % of HNO3 was added to diluted samples and transferred into 5 mL PFA tubes ready for ICP- MS

measurement.
2) ICP-MS measurement and quantification

All the samples were measured by ICP-MS (Agilent 7700 Series, USA). The mass concentrations of Au, Gd,
Eu, and I in PFA tubes were recorded. By multiplying dilution factors and sample volumes, the initial masses

of each element were obtained.
3.2.5 Protein adsorption measurement

3.2.5.1 Preparation of PMA QDs and PEG QDs
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Hydrophobic CdSe/ZnSe/ZnS core-shell-shell quantum dots (QDs) were provided by Fraunhofer Zentrum fir
Angewandte Nanotechnologie (CAN).

1) Preparation of PMA QDs

PMA-coated CdSe/ZnSe/ZnS QDs were prepared using our normal PMA synthesized aforementioned. Briefly,
0.4 mL of hydrophobic CdSe/ZnSe/ZnS QDs (15.8 uM) in hexane and 0.2 mL of PMA (0.5 M) in chloroform
were injected into a round-bottom flask with 50 mL of CHCIls. The mixture was slowly evaporated three times
under a reduced pressure vacuum system until a thin film formed. 15 mL of borate buffered saline was added
under sonication for several seconds. When QDs were completely dispersed in buffer, three times
ultracentrifugation (40,000 rpm, 30 min) was performed to wash out the excess PMA micelles. The precipitate
was collected and dispersed in 5 mL of Milli-Q water.

2) Preparation of PEG QDs

0.2 mL of hydrophobic CdSe/ZnSe/ZnS QDs (15.8 uM) in hexane was injected into 20 mL of CHCls, followed
by adding 50 mg of HS-C:Hs-CONH-PEG-0-CsHes-COOH (3k Da). The mixture was stirred at 50 <C overnight.
Then, the solvent was evaporated completely by an evaporator and 5 mL of Milli-Q water was added to
dissolve the PEGylated QDs. Excess PEG molecules were washed twice by a centrifuge filter (100k Da), and
large aggregates were removed by three times centrifugation (12,000 rpm, 10 min).

3.2.5.2 FCS measurement

Herein, FCS measurements were performed in an LSM 880 upright microscope (Zeiss, Germany) with a
C- Apochromat 40>/1.20 W Corr M 27 objective (Zeiss, Germany) at 25 <C. A laser at 488 nm was used as
an excitation light source. A brief measurement process was introduced below. For more detailed protocol,

please refer to the guide to basic FCS experiments provided by Zeiss.

Calibration of observation volume. Before the measurement, fluorophore rhodamine 6G (R6G) with a
diffusion coefficient of 280 pm? /s was used to calibrate the observation volume. The lateral focus radius (or)

and axial focus radius (w;) were determined to be 199 nm and 750 nm, respectively.

Samples preparation. Proteins (BSA or Tf) dissolved in Milli-Q water with a series of concentrations were
incubated with a certain amount of PMA-QDs and PEG-QDs for 30 min. 40 pL of samples were put in a
35mm glass-bottom dish (ibidi Gmbh, Germany, #81218-200) and covered with a cover glass (Zeiss, Germany,
#10474379). The dish with the sample was assembled with the lid and placed upside down under the

microscope.
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Samples measurement. Adjust the focus to ensure it is on the samples. The signals were recorded in 10 times
series, and each time series were measured 10 times. The average was obtained by averaging the repeats of
different time series, and the standard deviation was calculated. It is worth noting that adjusting laser power
to keep the value of counts per molecule (CPM) at 1-15 kHz molecule per volume could get the best
signal- to- noise (S/N). The movement of nanoparticles in this scenario was considered a simple independent
translational diffusion. And the correlation function is defined with the following equations, provided by Zeiss
ZEN software:

3
.
G(r):1+A*Z - i - T
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G (1): correlation function

A: amplitude

N: average number of molecules in the observation volume
i: index of component (1, 2, 3)
®@;: fractional intensity

fi: fraction of molecules

ni: molecular brightness

4. diffusional correlation time
S: structural parameter

o;: axial focus radius

or: lateral focus radius

ai: anomaly parameter

In the present case, there is only one component (QDs or R6G) in the solution, i is supposed to be 1, ®;isalso
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1, and a; is 1 due to free diffusion. And eq; and eq, are fixed value 1 for three-dimensional diffusion. Therefore,

the average number of molecules N and diffusional correlation time t4 could be fitted.

3.3 Results and discussions

3.3.1 Characterization of Gd-PMA Au NPs and Gd-PEG Au NPs

To determine the molar concentration of Au NPs, a UV-Vis spectra-based method was employed*?®. Briefly,
the absorbance of 17 nm Au NPs with a plasmonic peak at 518 nm was recorded by a UV-Vis spectrometer.

The extinction coefficient (g) at this wavelength was calculated by the following equation:
Ine=kInD+a

Where D is the core diameter, k = 3.3211, and a = 10.80505. Therefore, € = 6.01 x 108 Mt cm™%. According

to the Lambert-Beer law:
A=¢gbc

Where A is the absorption intensity, and b is the optical path length (1 cm). By calculation, the sample

concentration c is acquired.

The Gd-PMA Au NPs and Gd-PEG Au NPs were characterized by UV-Vis absorption spectroscopy, TEM,
DLS, and zeta potential shown in Figure 3-3 to Figure 3-6. For both Gd-PMA Au NPs and Gd- PEG Au NPs,
Gd labeling did not make the plasmonic peak shift. TEM images were acquired with a JEM- 1400PLUS HC
microscope (JEOL, Germany). By measuring the diameters of 100 different Au NPs from TEM images, the
histograms and Gaussian fitting were plotted. For Gd- PMA Au NPs, the core diameter was 17.01 0.03 nm,
and for Gd-PEG Au NPs, the core diameter was 17.21 +0.05 nm. The hydrodynamic diameter of two kinds
of Au NPs in Milli- Q water was measured by a DLS Nano ZS (Red badge) (Malvern, England, ZEN3600)
including a He-Ne gas laser with the beam wavelength at 633 nm. 0.65 mL of Au NPs dispersion was
equilibrated for 3 min in a transparent UV-cuvette (Sarstedt, Germany, #67.758.001). The size of
Gd- PMA Au was 24.37 £0.87 nm and for Gd-PEG Au NPs was 28.08 +=0.81 nm. Still, the increased
diameter than the size of TEM images was due to the hydrated layer. Overall, compared to nonlabeling Au
NPs, there were no significant changes after Gd labels modification. Zeta potentials were measured with the
same instrument as DLS. 1 mL of Au NPs dispersion with a certain concentration was injected in a disposable
capillary zeta cell (Malvern, UK, #DTS1070). All the samples were equilibrated for 3 min before

measurement and carried out at 25<C. The zeta potentials were - 29.7 % 1.91 mV and -42.6 +0.49 mV for

43



Gd-PMA Au NPs and Gd-PEG Au NPs, respectively.

To validate BSA was crosslinked after labeling with iodine, SDS-PAGE was performed and shown in Figure
3-7, compared to the nonlabeling BSA, it is obvious that there were a lot of I-BSA accumulated at the

beginning of the gel (molecular weight > 250k Da), which means the I1-BSA was a multimer.
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Figure 3-3. Normalized UV-Vis spectra of Gd-PMA Au NPs (black line) and Gd-PEG Au NPs (red line).
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Figure 3-4. TEM images and size distribution of Au NPs. (a) TEM image of Gd-PMA Au NPs. (b) Histogram and
Gaussian fitting of the size distribution of Gd-PMA Au NPs core. (¢) TEM image of Gd-PEG Au NPs. (d) Histogram

and Gaussian fitting of the size distribution of Gd- PEG Au NPs core (TEM images were taken by Andreas Kornowski).
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Figure 3-5. Hydrodynamic diameters of Au NPs. (a) The hydrodynamic diameter of Gd- PMA Au NPs in Milli-Q

water. (b) The hydrodynamic diameter of Gd-PEG Au NPs in Milli- Q water.
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Figure 3-6. Zeta potentials of Au NPs. (a) Zeta potential of Gd-PMA Au NPs dispersed in Milli-Q water. (b) Zeta
potential of Gd-PEG Au NPs dispersed in Milli-Q water.
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Figure 3-7. Image of protein samples separated by SDS-PAGE. I-BSA was crosslinked whereas Eu-Tf was still in a

single protein molecule level.
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3.3.2 Cellular uptake study

3.3.2.1 Cell viability

Resazurin assay was widely used to quantify the number of live cells and monitor cell viability and material
cytotoxicity'?’. Non-fluorescent blue resazurin in an oxidized state was reduced to a red resorufin by the
mitochondrial respiratory chain of live cells. The products, resorufin, can be measured by the
fluorometric/colorimetric method, which is directly proportional to the number of live cells. The excitation
and emission peak of resorufin can be traced at 560 nm and 585 nm, respectively.

The concentration-dependent cell viability curves upon NP-proteins complexes exposure were plotted in

Figure 3-8 and fitted with a sigmoidal function, which is expressed as follows:

V = Inmx'_ Imm +1

14_( CNP p
NP _50

min

Where cne 50 is the NPs concentration at which cell viability has been reduced to half of its activity (1C50).
The value of 1IC50 of Gd-PMA Au NPs was 589.32 pug/mL and for the Gd-PEG Au NPs group, there was no
decrease in cell viability occurred than the highest exposure concentration. Then, we evaluated the toxicity of
labeled BSA and Tf shown in Figure 3-9. The cell viabilities of I-BSA or Eu-Tf were no significant changes
among exposure concentrations. We also evaluate the toxicity of free ions (Eu®** and Gd**) in the DMEM cell
medium with 10 % FBS, and the results shown in Figure 3-10. The values of IC50 of Eu ions and Gd ions

were 2.18 pg/mL and 1.58 pg/mL, respectively.

Therefore, we finally used 120 pg/mL Au NPs, 200 ug/mL I-BSA, and 50 ug/mL Eu-Gd ug/mL as the safety
concentrations in the following cellular uptake study. In this case, the exposure concentrations of Eu and Gd

ions were both lower than 1 pg/mL, which is the limit of safety concentrations.
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Figure 3-8. Cell viability of HeLa cells exposed to Au NPs in DMEM cell medium (with 10 % FBS) for 24 h. (a) Gd-
PMA Au NPs. (b) Gd-PEG Au NPs.
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Figure 3-9. Cell viability of HeLa cells exposed to Eu-Tf or I-BSA in DMEM cell medium (without 10 % FBS) for 24 h.

(a) Eu-Tf. (b) 1-BSA.
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Figure 3-10. Cell viability of HeLa cells exposed to Eu or Gd ions in DMEM cell medium (without 10 % FBS) for 24 h.

(a) Eu ions. (b) Gd ions.
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3.3.2.2 Quantification of cellular uptake by ICP-MS

With the multil-labeled NPs and proteins, the cellular uptake was measured by ICP-MS. The exposure amount
of gold was ca. 275-300 pg per well (137-150 pg/mL), which is a little higher than the theoretical exposure
concentration. But as proved in cell viability, it is still a safe concentration. As shown in Figure 3-11, the
initial exposure amounts of Eu (Tf) and iodine (BSA) in each group were almost the same. We also measured
the amounts of each element in the supernatant at 4 different incubation time points shown in Figure 3-12.
There was almost no decrease of each element in supernatants, demonstrating the extracellular NPs-proteins

complexes were an infinite reservoir.
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Figure 3-11. Mass of each element of different Au NPs-proteins complexes determined by ICP- MS before exposure.
(@) Au. (b) Gd. (c) Eu. (d) lodine.
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Figure 3-12. Time-dependent mass changes of each element of different Au NPs-proteins complexes determined by
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After internalization, the accumulation of each element was increased as the incubation time, via dividing by
the cell numbers, we obtained the accumulation of each element in a single cell (Figure 3-13). All elements
reached a plateau after 6 h, suggesting the internalization occurred within a short time. There are some studies
reported that the reduction of intracellular NPs was mainly due to cell division'?®12°, which means cells will
switch off the internalization process when there are enough contents in the cells. In addition, the uptake of
PEGylated Au NPs was much more than that of PMA-coated NPs, which means more PEGylated NPs were
taken up by cells. However, in most studies, PEGylation was used to prolong the circulation time in the
body*3%-13L, More interestingly, the behaviors of Tf and BSA were different, where Tf has the same trend as
Au, whereas although pretty lower PMA coated Au NPs were taken up by HelLa cells, more BSA proteins
were delivered into cells than PEGylated Au NPs, suggesting the formation of different protein corona around
two types of NPs. It is worth noting that in order to simplify our model, we used a DMEM cell medium
without FBS. Therefore, the composition of protein corona was only Tf and BSA mixture with different ratios.

We also performed a control experiment for the Gd ions and Eu ions uptake at different incubation times.
Herein, the same amount of Gd or Eu ions as the labeled Au NPs were exposed to HelLa cells, as shown in
Figure 3-14, unlike NPs, most ions in supernatants were internalized into cells within 6 h, indicating the
significantly different internalization processes between NPs and ions. Moreover, after 6 h, the accumulation
of ions decreased as time increased.
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Figure 3-14. Mass of different free ions determined by ICP-MS before exposure. (&) Gd ions mass before exposure,
orange column: Gd ions with the same amount of Gd in Gd-PMA Au NPs, green column: Gd ions with the same amount

of Gd in Gd-PEG Au NPs. (b) Eu ions before exposure.
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Figure 3-15. Time-dependent mass changes of different ions determined by ICP-MS in supernatants (0, 6, 12, 18, and
24h). (a) Gd ions. (b) Eu ions.
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3.3.3 Protein adsorption measurement

3.3.3.1 Characterization of QDs

The TEM images of hydrophobic CdSe/ZnSe/ZnS QDs dispersed in hexane, hydrophilic PMA-QDs, and
PEG-QDs dispersed in Milli-Q water were obtained by a JEM 2100F UHR microscope (JEOL, Japan). The
histograms of size distributions of NPs were also plotted via counting 100 NPs by ImageJ software. As shown
in Figure 3-17, Figure 3-18, and Figure 3-19, the sizes were 5.58 + 0.01 nm, 5.09 *+ 0.05 nm, and
5.57 + 0.06 nm, respectively. The emission spectra were recorded upon excitation at the wavelength of
488 nm by a fluorometer (Figure 3-20). The emission spectrum of PMA-QDs was similar to that of
hydrophobic CdSe/ZnSe/ZnS QDs, whereas there is a redshift for PEG-QDs, which is due to the length of
PEG ligands (3k Da) was ca. 18 nm, much longer than those ligands used in other two NPs. Anyway, this will
not affect the subsequent protein adsorption experiments. The Zeta potentials were also measured using
Malvern NanoZS (Figure 3-21), which were -52.5 +0.44 mV (PMA-QDs) and -50.7 £0.72 mV (PEG- QDs),

respectively, indicating excellent colloidal stability.
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Figure 3-17. (a) TEM image hydrophobic CdSe/ZnSe/ZnS QDs in hexane. (b) Histogram of hydrophobic
CdSe/ZnSe/ZnS QD and Gaussian fitting (TEM image was taken by Stefan Werner).
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Figure 3-18. (a) TEM image of PMA-QDs in Milli-Q water. (b) Histogram of PMA-QD and Gaussian fitting (TEM

image was taken by Stefan Werner).
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Figure 3-19. (a) TEM image of PEG-QDs in Milli-Q water. (b) Histogram of PEG-QD and Gaussian fitting (TEM

image was taken by Stefan Werner).
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Figure 3-20. Emission spectra of QDs upon excitation at 488 nm. (a) Hydrophobic CdSe/ZnSe/ZnS QDs. (b)
PMA- QDs (red line) and PEG-QDs (blue line).
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Figure 3-21. Zeta potential of PMA-QDs and PEG-QDs dispersed in Milli-Q water. (a) PMA-QDs (-52.5 £0.44 mV).
(b) PEG-QDs (-50.7 £0.72 mV).
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3.3.3.2 Protein adsorption measured by FCS

FCS is a technique based on the correlation analysis of the fluctuation of fluorescent particles in a small
observation volume in liquid conditions. Some quantitative parameters, such as the diffusional coefficient,
triplet, and rotation, can be fitted by applying an appropriate correlation function. By means of the
Stokes- Einstein equation, the hydrodynamic size can be acquired in situ®32,

Here, we used a one-photon excitation system, after fitting with the correlation function, the diffusional
coefficient D can be acquired by applying the following relation:

Therefore, the hydrodynamic radius could be related according to the following Stokes-Einstein equation:

[ Kgl
" 67nD

Where the Boltzmann constant kg = 1.38 <102 J/K, T =298.15 K, and 1 is solution viscosity, in our case, all
measurements were conducted at low protein concentration (<125 uM), the viscosity of protein can be ignored,

and the total viscosity is the viscosity of water (0.89 mPa S).

In this study, we performed two independent experiments with two batches of samples. As shown in
Figure 3-22 to Figure 3-25, the autocorrelation curves of NPs incubated in Tf solution and BSA solution
were significantly different, either PMA-QDs or PEG-QDs, which demonstrates the hydrodynamic sizes of
PMA-QDs and PEG-QDs in Tf solutions or BSA solutions were dynamically changed with different
tendencies.
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Figure 3-22. Normalized autocorrelation curves of PMA-QDs dispersed in a series of concentrations of Tf or BSA

solutions (only 4 different concentrations were shown, batch 1). (a) in Tf solution. (b) in BSA solution.
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Figure 3-23. Normalized autocorrelation curves of PMA-QDs dispersed in a series of concentrations of Tf or BSA

solutions (only 4 different concentrations were shown, batch 2). (a) in Tf solution. (b) in BSA solution.
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Figure 3-24. Normalized autocorrelation curves of PEG-QDs dispersed in a series of concentrations of Tf or BSA

solutions (only 4 different concentrations were shown, batch 1). (a) in Tf solution. (b) in BSA solution.
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Figure 3-25. Normalized autocorrelation curves of PEG-QDs dispersed in a series of concentrations of Tf or BSA

solutions (only 4 different concentrations were shown, batch 2). (a) in Tf solution. (b) in BSA solution.

65



2) Hill model for protein adsorption

As mentioned before, the protein adsorption process is closely related to the hydrodynamic sizes of NPs,
therefore, we could monitor the hydrodynamic sizes change to study the binding behavior of different proteins
toward different NPs. In the present study, a protein adsorption-hydrodynamic size fitting model was applied,

which was widely used in our previous studies,

Vprotein *
rh (N protein) = r-h (0) 3 1+ V N protein

NP

Nprotein CaN be expressed by the Hill equation,

N — Nmax

protein '
K', 0

" (c(protein)

Nprotein: the number of proteins binding to the NP

r(Nprotein): the hydrodynamic size of the NP upon N number of proteins binding
rm(0): the hydrodynamic size of the NP without protein binding

Vprotein: the volume of a single protein

Vne: the volume of a single NP

Nmax: the maximum number of proteins binding to the NP

K’qg: the dissociation coefficient

c(protein): the concentration of proteins

n: Hill coefficient

In this case, Vasa is 81.7 nm?3, calculated by Vprotein=(Mw/Na)/pprotein, Where M,y is the molecular weight of the

protein, Na is Avogadro constant, and pprotein iS the density of the protein. Vris 294 nm?3 .13

Figure 3-26 to Figure 3-29 show the hydrodynamic sizes of NPs-proteins complexes as protein concentration

changed, as well as the fitting curves. For PMA-QDs, the hydrodynamic radii increased as the Tf solution
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concentration increased within our experimental concentration range (Figure 3-26), while there was a plateau
when incubated with BSA solutions (Figure 3-27). However, for PEG-QDs, there was a plateau appeared
when the concentration of Tf increased to ca. 20 uM (Figure 3-28), whereas the hydrodynamic radii of
PEG- QDs in BSA solutions kept unchanged (Figure 3-29). This result was consistent with a study from the
Nienhaus group®®. There was no albumin adsorption on PEGylated NPs. Interestingly, in our previous study,
Pelaz et al. found there was still protein corona formed when PEGylated NPs incubated with albumin, albumin
buried within the PEG shell led to half albumin size increase®®. Of note, in that study, PEGylation was
performed via EDC coupling with carboxyl groups of PMA-coated NPs, we believe that the amino groups
from PEG molecules enable directly coordinate with the metal atoms from NPs core. In this case, the polymer
shell would be a combination of PMA and PEG, therefore, the albumin adsorption in that study was still
contributed by PMA rather than PEG.

The fitted parameters including rn(0), the maximum hydrodynamic radius upon saturating NPs surface with
proteins ri(Nmax), the increase of hydrodynamic radius AR, K’q, Hill coefficient n, and Nmax Were shown in
Table 3-7 to Table 3-10. In a summary table shown in Table 3-11, the dissociation constant of BSA towards
PMA-QDs (batch 1: 4.11uM, batch 2: 6.57 uM) was lower than that of PEG-QDs (batch 1: 35.59 uM, batch
2: 66.14 uM), indicating the higher binding affinity between BSA and PMA-QDs. For PEG-QDs, since there
was no BSA adsorption upon incubation, the value of K’y was > 1000 uM, meaning the binding between
PEG-QDs and Tf was much stronger than BSA.

Up to now, we seem to find the relationship between cellular uptake and protein adsorption. For PMA-coated
NPs, the binding with BSA was stronger than Tf, whereas Tf prefers binding with PEGylated NPs, therefore,
as more PEGylated NPs internalized, more Tf were introduced into cells than BSA, however, despite lower
PMA-coated NPs accumulated in cells, more BSA was delivered into cells due to the strong binding between
BSA and PMA shells, suggesting that specific proteins can be better delivered into cells through modifying

the surface chemistry of NPs.
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Figure 3-26. Hydrodynamic radii, rn, of PMA-QDs as a function of proteins (Tf or BSA) concentration in solution due
to protein adsorption (batch 1). (a) in Tf solution. (b) in BSA solution.

Table 3-7. Parameters of proteins (Tf or BSA) adsorption onto PMA-QDs derived from the fitting of FCS data

(batch 1).
NP core re[nm] NPcoating Protein T[°C] r(0) rn(Nmax) AR K% n Nmax
[nm] [nm] [hm]  [um]
CdSe/ZnSe/ZnS 5.09 PMA Tf 25 6.96 10.795 3.83 35,59 0.98 13.42
CdSe/zZnSe/zZnS 5.09 PMA BSA 25 6.92 8.74 1.82 411 152 17.25
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Figure 3-27. Hydrodynamic radii, rn, of PMA-QDs as a function of proteins (Tf or BSA) concentration in solution due
to protein adsorption (batch 2). (a) in Tf solution. (b) in BSA solution.

Table 3-8. Parameters of proteins (Tf or BSA) adsorption onto PMA-QDs derived from the fitting of FCS data

(batch 2).
NP core re [nm] NP Protein T @) rm(Nmax) 4R Ko n Nmax
coating [°C]  [nm] [nm] [nm]  [um]
CdSe/ZnSe/ZnS 5.09 PMA Tf 25 6.91 12.37 5.46 66.14 106 22.20
CdSe/ZnSe/ZnS 5.09 PMA BSA 25 6.89 8.76 1.87 6.57 156 17.68
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Figure 3-28. Hydrodynamic radii, r,, of PEG-QDs as a function of proteins (Tf or BSA) concentration in solution due
to protein adsorption (batch 1). (a) in Tf solution. (b) in BSA solution.

Table 3-9. Parameters of proteins (Tf or BSA) adsorption onto PEG-QDs derived from the fitting of FCS data

(batch 1).
NP core re [nm] NP Protein T rm(0)  rn(Nmax) AR K n Nmax
coating [°C]  [nm] [nm] [nm]  [um]
CdSe/ZnSe/ZnS 5.57 PEG Tf 25 17.36 20.18 283 1599 279 4263
CdSe/ZnSe/ZnS 5.57 PEG BSA 25 - - - -
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Figure 3-29. Hydrodynamic radii, r,, of PEG-QDs as a function of proteins (Tf or BSA) concentration in solution due
to protein adsorption (batch 2). (a) in Tf solution. (b) in BSA solution.

Table 3-10. Parameters of proteins (Tf or BSA) adsorption onto PEG-QDs derived from the fitting of FCS data

(batch 2).
NP core re [nm] NP Protein T  rm(0) rm(Nmax) 4R KO N Nmax
coating [°’C] [nm] [nm] [nm]  [um]
CdSe/ZnSe/ZnS 5.57 PEG Tf 25 17.57 20.45 2.88 18.17 211 4453
CdSe/ZnSe/ZnS 5.57 PEG BSA 25 - - - - - -
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Table 3-11. Dissociation coefficients of PMA-QDs and PEG-QDs upon proteins (Tf or BSA) adsorption.

Batches NP core NP coating Protein K [uM]

1 CdSe/ZnSe/ZnS PMA Tf 35.59
1 CdSe/ZnSe/ZnS PMA BSA 4.11

2 CdSe/ZnSe/ZnS PMA Tf 66.14
2 CdSe/ZnSe/ZnS PMA BSA 6.57

1 CdSe/ZnSe/ZnS PEG Tf 15.99
1 CdSe/zZnSe/zZnS PEG BSA >1000
2 CdSe/zZnSe/zZnS PEG Tf 18.17

2 CdSe/ZnSe/ZnS PEG BSA >1000




3.4 Conclusion

Various factors that impact the formation of protein corona and cellular uptake, such as sizes, shapes, surface
chemistry, hydrophobicity, charges, etc. In this study, we evaluated the influence of surface chemistry on
protein adsorption and subsequent cellular uptake. We prepared two NPs using different surface modification
strategies (PMA coating vs PEGylation). In terms of the multi-compartmental nature of NPs in biological
environments, we labeled polymer shells of NPs and model proteins with specific elements, incorporating the
inorganic core (Au), we built multilabeled NPs-proteins complexes. Taking advantage of the multiplexes
element analysis capability of ICP-MS, we investigated the cellular uptake upon NPs-proteins complexes with
different surface chemistry exposed to HeLa cells. We discovered that surface modification significantly
influenced the formation of the protein corona, subsequently, the cellular uptake was also affected. To address
the relationship between protein adsorption and cellular internalization of NPs. We used FCS to quantify the
binding affinities of two NPs with different proteins, Tf and BSA. We found BSA prefers binding to PMA
shells while there were few adsorbed on PEG shells. In contrast, PEG shells exhibit stronger binding to Tf.
Therefore, we revealed the association between protein adsorption and cellular internalization. The surface
chemistry of NPs closely controls the formation of the protein corona, we can use PMA-coated NPs to deliver
more BSA into cells and introduce more Tf via NPs PEGylation. This study quantitatively proposes a strategy
to achieve more precise protein intracellular delivery via optimizing and screening NPs engineering and

binding with specific proteins.
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4 Improved efficacy of atenolol by conjugating
albumin- capped Au NPs
4.1 Introduction

Cardiovascular diseases are the leading cause of death around the world. According to a report from World
Health Organization (WHO), there are 17.9 million people died from cardiovascular diseases each year,
accounting for the global death toll of 32%**’. B-adrenergic receptors of cardiomyocytes play an important
role in regulating signal transduction and producing cyclic adenosine monophosphate (CAMP) in the
pathogenesis of heart failure’**-1%, Stimulation of B-1 adrenergic receptors can induce hypertrophy and
promote cardiomyocyte apoptosis!“°. In a previous study from our collaboration partners, Prof. Dr. Viacheslav
Nikolaev and Dr. Alexander Froese from Universitésklinikum Hamburg-Eppendorf (UKE), they found B-1
adrenergic receptors are distributed in both the cardiomyocytes crest and transverse (T)-tubules*t. T- tubules
are sarcolemma invaginations on the myocytes membrane, which only allowed particles below 11 nm to enter
inside*?. However, the contributions of B-1 adrenergic receptors from different areas toward heart function

are still poorly understood.

Atenolol, a small molecule medication as a selective -1 blocker, is widely used to specifically treat heart
failure*, Owing to the small size itself, it is difficult to selectively block the B-1 adrenergic sub-receptors
either in crest or T-tubules. NPs with tunable sizes and intrinsic physicochemical properties are commonly
used as carriers of small molecule drugs. These nanodrugs can prolong the blood circulation time, increase
drug efficacy, and modify the drug biodistribution in the body!*414, However, there are some natural
physiological barriers in our bodies. For instance, under a normal healthy condition, the endothelial barrier
hinders the transcytosis of most NPs from blood vessels to targeted tissues, which greatly constrains the

delivery efficiency of nanodrugs™*’%.

As mentioned in the previous chapters, protein corona is another hurdle for the clinical translation of
nanodrugs. Although the understanding of protein corona is still far from clear, an increasing number of people
are coming to realize the significance of protein corona in medicine and pharmaceutics'® 49150 Of note,
several studies are focusing on how to utilize the protein corona. Compared to the covalent approach, Kah
et al. greatly increased the loading capacity of drugs by exploiting the electrostatic interactions between
protein corona and DNA as well as doxorubicin®®. Magro et al. prepared protein corona on polysorbate
80- stabilized NPs by preincubating with apolipoprotein E4%*2. The accumulation of NPs with apolipoprotein
E4 corona in the brain was 3-fold higher than NPs without protein corona. Kim et al. developed a cholesterol
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conjugated DNA nanostructure to treat liver fibrosis. In that study, lipoproteins in serum were adsorbed to the
nanostructure via the higher binding between cholesterol and lipoproteins, subsequently, the increased

antisense oligonucleotide targeting TGF-B 1 mRNA was delivered in the liver>3,

In this study, we used Au NPs as the carriers due to their good biocompatibility and controllable sizes®*%’,
BSA was used as the protein corona layer since its excellent transcytosis capability towards capillary?®8-1%,
To reduce the degradation or separation of BSA from Au NPs, herein, we prepared the BSA corona by
chemical conjugation instead of simple incubation. Atenolol was pre-linked with BSA via conjugation. The

preparation and characterization of the albumin-atenolol capped Au NPs were performed.

4.2 Experiments and methods

4.2.1 Synthesis of 5 nm Au NPs

The 5 nm Au NPs were synthesized by a modified Brust two-phase method according to the literature?.
Briefly, a solution of 0.300 g of HAuUCIl, 3H,0 in 25 mL of Milli-Q water was prepared. 2.170 g of
tetraoctylammonium bromide (TOAB, Sigma-Aldrich, #29413-6) were dissolved in 80 mL of toluene (Roth,
#9558.1). The two solutions were mixed in a separation funnel and shook gently for 5 min. The toluene phase
became deep orange color, and the aqueous phase turned colorless. The gold precursor in the toluene phase
was transferred into a 250 mL round flask, followed by adding 25 mL of 353 mM fresh sodium borohydride
(NaBH4, Sigma-Aldrich, #452882) dropwise within 1 min. Within this process, the gold precursor was
reduced to Au NPs and the solution color turned into red-violet. The gold mixture was transferred into a
separation funnel again after 1 h stirring, and the aqueous phase was discarded. Afterward, the toluene phase
was washed with HCI (25 mL, 10mM), sodium hydroxide (NaOH, 25 mL, 10mM), and three times Milli-Q
water (25 mL) to remove the residual precursors and salts. Then, the Au NPs solution was transferred into a
250 mL round flask and stirred overnight. The next day, 10 mL of dodecanethiol (DDT, Sigma-Aldrich,
#471364) were added to the Au NPs solution and heated to 65°C for 3 h. When the solution was cooled down
to room temperature, the NPs were centrifuged at 900 rcf for 5 min and the precipitate was discarded. The
supernatant was diluted by adding a certain amount of methanol, which acts as a nonsolvent until the solution
turned cloudy. The mixture was centrifuged at 900 rcf for 5 min, the precipitate was collected and resuspended
in CHCls. Finally, the hydrophobic DDT-capped Au NPs were yielded.

To be administered and function in the body, NPs are supposed to be hydrophilic. Here, we used the same
PMA coating strategy as in chapter 3 to make 5 nm Au NPs disperse in an aqueous solution. The Rp/area

adopted in this case was 100 units/nm?. After polymer coating, the PMA-coated NPs were purified by
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ultracentrifuge at 50,000 rpm for 30 min (three times).

4.2.2 Preparation of BSA-atenolol conjugate

The conjugate of BSA-Atenolol was fabricated by introducing a homobifunctional linker
1,2,7,8- Diepoxyoctane (Sigma-Aldrich, #139564).

4.2.2.1 Conjugation of BSA and atenolol

In a brief procedure, 20 mg of atenolol (1 eq, Sigma-Aldrich,#A7655) was dissolved in 10 mL ethanol (96%,
Roth, #T171.2) as solution A. 107.2 uL of 1,2,7,8-Diepoxyoctane with one drop of Milli-Q water was
dissolved in another 10 mL of ethanol as solution B. Solution A was added to solution B dropwise and stirred
overnight at room temperature. Then, most of the ethanol was slowly evaporated using a rotavapor (ca. 3 mL
of ethanol remains to make atenolol soluble). 20 mL of n-hexane (95%, Roth, #3907.1) was added followed
by centrifugation at 4,000 rpm for 5 min to remove excess linker. The clear up layer comprising excess linker
and n-hexane was carefully discarded, leaving yellowish oil product left in the bottom layer, repeat the
centrifugation to further remove the excess linker. The remaining product was evaporated completely dry and
redissolved in 10 mL of BBS (50 mM, pH 10) buffer. 25 mg (0.005 eq) of BSA in 10 mL BBS was mixed
with the solution above under stirring at room temperature overnight. The resulting BSA-atenolol conjugate
was yielded.

4.2.2.2 Purification of BSA-atenolol conjugation

The purification procedure was performed with centrifugation filters, PD10 desalting columns, and UV- Vis

spectrophotometer.

In detail, first, we prepared a series of diluted BSA and atenolol solutions in water, respectively. The UV- Vis
absorption spectra were recorded and the maximum absorption peaks were determined at 278 nm for BSA
and 274 nm for atenolol. Then, the as-prepared BSA-atenolol conjugate was centrifuged using a centrifugation
filter (MWCO: 3k Da, 9, 000 rpm, 20 min) to separate excess atenolol molecules followed by redissolving in
3 mL of HEPES buffer (0.1M, pH 8.5). 1 mL of sample was passed the PD10 desalting column (GE Healthcare,
#17085101), and the eluent was collected in a 2 mL-Eppendorf tube. Afterward, each 1 mL of HEPES buffer
was passed the PD10 column, and 10 tubes of eluents were collected. Before desalting, the PD10 column was
equilibrated with the HEPES buffer to allow the HEPES buffer to enter the packed bed completely. UV-Vis

absorption spectra of eluent were measured by UV-Vis spectrophotometer. Tubes from No.3 to No.5 were
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collected and mixed as the purified BSA-atenolol conjugation. The concentration of resulting BSA-atenolol

conjugate was determined by the Bradford assay.

4.2.3 Stability test of BSA-atenolol conjugate

To test the conjugation stability, 1 mL of purified BSA-atenolol conjugate was passed the PD10 desalting
column on the 3 and 10" day again, respectively. The protocol was followed above mentioned. UV- Vis

spectra were recorded and compared maximum absorption peaks in each tube.

4.2.4 Attachment of BSA-atenolol conjugate to PMA-coated Au NPs

In order to increase the binding affinity of BSA-atenolol conjugate with PMA-coated Au NPs, the EDC
chemistry was adopted to form a stable amide bond among them. 077 mg of
N- (3- Dimethylaminopropyl)- N'-ethyl- carbodiimide-hydrochloride (EDC, Sigma-Aldrich, #E7750) and
1.15 mg of N-Hydroxysuccinimide (NHS, Sigma-Aldrich, #130672) dissolved in 1 mL of Milli-Q water were
mixed with 3.82 mL of PMA-Au NPs at a concentration of 164 nM in MES buffer (0.5 M, pH 6). Afterward,
the mixture was incubated at 37 <C for 30min under gentle shaking to activate the carboxyl groups of PMA.
Next, a centrifugation filter (MWCO: 100k Da, 4,000 rpm, 6min) was used to remove the excess EDC/NHS
molecules. The activated PMA- coated Au NPs were re-dissolved in HEPES buffer (0.1 M, pH 8.5) followed
by adding 5 mL BSA-atenolol conjugate with a concentration of 1.9 mg/mL in HEPES buffer. The mixture
was gently shaken overnight at room temperature. The next day, the buffer was exchanged with Milli-Q water
using a centrifugation filter (MWCO: 100k Da, 4,000 rpm, 6min, 3 times), and the samples were purified by
ultracentrifugation (40,000 rpm, 30 min) twice. The precipitate (BSA-atenolol@PMA-Au NPs) was collected
and redispersed in sterilized water for further characterization. A control group with the same amount of BSA
(without atenolol) was also prepared, denoted as BSA@PMA-Au NPs.

4.2.5 cAMP signals measurement

This work was done by our collaboration partner, Dr. Alexander Froese. Briefly, mouse cardiomyocytes were
freshly isolated and exposed to different concentrations of BSA-atenolol@PMA-Au NPs and the control
group BSA@PMA-Au NPs. The cAMP signals were measured by a fluorescence resonance energy transfer
(FRET)-based CAMP sensor. The detailed protocol was referred to in the previous study®® or our publication

in the future.

4.3 Results and discussions
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4.3.1 Characterization of BSA-atenolol@PMA-Au NPs

4.3.1.1 Characterization of DDT-capped Au NPs

The hydrophobic DDT-capped Au NPs were characterized by TEM and UV-Vis spectrophotometer. TEM
images were taken using a JEOL JEM-1400PLUS microscope under 120 kV by deposition of the sample on
top of a copper grid coated with a carbon film. Size distribution measurement was performed with Image J
software and the analysis of size distribution and plotting of the histogram were done with Origin software.
100 of NPs were counted and the average diameter of the inorganic core dere Was determined to be
5.099 + 0.653 nm (Figure 4-1). The UV-Vis spectrum of DDT-capped Au NPs was acquired with a UV-Vis

spectrophotometer. The plasmonic peak in the absorption spectrum was at 517 nm (Figure 4-2).
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Figure 4-1. a) TEM image of DDT-capped Au NPs dispersed in CHCIs. (b) Histogram of DDT-capped Au NPs and

Gaussian fitting (TEM image was taken by Marta Gallego).
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Figure 4-2. UV-Vis spectrum of DDT-capped Au NPs dispersed in CHCl3 (Aspr: 517 nm).

79



4.3.1.2 Purification of BSA-atenolol conjugate

Since BSA and atenolol exhibit different maximum absorption peaks (Figure 4-3), we purified our samples
by comparing the UV-Vis spectra of BSA-atenolol conjugate eluent in HEPES buffer. As shown in Figure
4- 4, from tube No.3 to tube No. 5, the spectra were similar to the spectra of BSA alone, which was supposed
to be our BSA-atenolol conjugate, and from tube No. 7 to tube No. 10, the spectra were consistent with the
spectra of atenolol alone, which corresponding to the free atenolol. Herein, we collected tubes No.3, 4 and, 5
as purified BSA-atenolol conjugate for the following experiments.
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Figure 4-3. (a) UV-Vis spectra of series of diluted free BSA solutions in Milli-Q water (Agsa_max: 278 nm). (b) UV-Vis
spectra of series of diluted free atenolol solutions in Milli-Q water (Aaenolol_max: 274 nm).
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4.3.1.3 Stability test of BSA-atenolol conjugate

Stability is a critical property for bioconjugated drugs, otherwise, the drugs can not reach the desired targets.
Herein, the elutions of purified BSA-atenolol conjugate were collected, and recorded the UV-Vis absorbances
(Figure 4-5). Both on the 3 and 10™ day, there was only a maximum absorption peak at 278 nm from tubes
No.3 to No.5, while no absorbance was observed from tubes No.7 to No.10, indicating there was no free
atenolol released at least within 10 days. Thus, the BSA-atenolol conjugate is persistently stable.
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4.3.1.4 Characterization of BSA-atenolol@PMA-Au NPs

The colloidal stability of BSA-atenolol@PMA-Au NPs and BSA@PMA-Au NPs were characterized by the
UV-Vis spectrophotometer, DLS, and zeta potential shown in Figure 4-6, Figure 4-7, Figure 4-8, and Figure
4-9. After attaching BSA-atenolol conjugate or BSA, the plasmonic peaks from the UV-Vis spectra were not
changed. Both number distribution and intensity distribution of DLS results were monodispersed. In particular,
the number distributions were 25.95 +0.74 nm and 23.96 *+1.58 nm, respectively, which are larger than
11 nm, allowing us to selectively bind the p-1adrenergic receptors on the crest of cardiomyocytes. In addition,
the zeta potentials were -32.5 + 0.35 mV (BSA-atenolol@PMA-Au NPs) and -27.4 %= 0.78 mV
(BSA@PMA- Au NPs), suggesting good colloidal stability of our samples.
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Figure 4-6. UV-Vis spectra of BSA-atenolol@PMA-Au NPs, BSA@PMA-Au NPs, and PMA-Au NPs. (a)
BSA- Atenolol@PMA-Au NPs (red line) and PMA-Au NPs (black line), (b) BSA@PMA-Au NPs (red line) and PMA-Au
NPs (black line).
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Figure 4-7. Hydrodynamic diameters of BSA-atenolol@PMA-Au NPs.(a) number distribution (b) intensity distribution.
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Figure 4-8. Hydrodynamic diameters of the control sample (BSA@PMA-Au NPs).(a) number distribution (b) intensity

distribution.
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Figure 4-9. Zeta potentials of BSA-atenolol@PMA-Au NPs, BSA@PMA-Au NPs and PMA-Au NPs.
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4.3.2 Determination of the concentration of Au NPs

The molar concentration of Au NPs was determined by ICP-MS and UV-Vis spectra. Typically, a series of
Au NPs with different mass concentrations (Cmass aunes) Were measured by ICP-MS. Since the radius of Au
NPs (r) can be obtained from the TEM image, the mass of one single Au NP (mnp), the number of Au NPs in
the series of Au NPs solutions (N), and the molar concentration of the series of Au NPs solutions
(cmolar_aunps)Were calculated according to the following equations:

Mye = 4/3- 1% pau
N = Cmass_AuNPs Vimyp
Cmolar_AuNPs = N/Na/V

where pay is the density of Au (19.32 g/cm3), V is the volume of Au NPs solution, and Na is the Avogadro

constant.

Then, the UV-Vis spectra of the series of Au NPs solutions were recorded and plotted absorbance at 450 nm
versus the molar concentration shown in Figure 4-10. Applying the Lambert-Beer Law, Auso =
Cmolar_Aunps'1*€npso), Where | = 1 cm was the length of the light path in our cuvette, the molar NP extinction
coefficient at 450 nm enpso) Was obtained from the slope. In the present study, enpusoy= 1.65E+7 Mt em-L,
Therefore, for any Au NPs solutions in the following experiments, the molar concentrations were obtained
via the UV-Vis absorbance at 450 nm.

4.3.3 Determination of BSA concentration on Au NPs

The protein concentration on the Au NPs was determined by a modified Bradford assay. Since there is a
plasmonic peak at 517 nm for 5 nm Au NPs, to determine the concentration of BSA on the Au NPs, the
interference of absorbance of Au NPs is supposed to be removed. In a typical procedure, the same
concentration of PMA-coated Au NPs was prepared as a blank group to eliminate the influence of absorption
of Au NPs. 350 L of each sample was mixed with 350 L coomassie reagent and incubated for 10 min at
room temperature. The UV-Vis spectra of each sample were recorded after mixing with coomassie blue, and
the absorbance of Au NPs was subtracted from the AU@BSA NPs, leading to the absorbance of BSA NPs
alone. Next, a net absorbance of BSA NPs at 595 nm was obtained by subtracting the absorbance of the control
group. The final concentration of BSA on Au NPs is determined using the calibration curve mentioned in
Chapter 3. Herein, after adding coomassie blue dye, the concentration of BSA- atenolol@PMA-Au NPs was
diluted and denoted as cwcom(AU NPs), and the concentration of NPs before adding coomassie was designated
as Cwio com(AU NPS). Therefore, combining the influence of dilution of coomassie blue, we have the absorbance
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of BSA NPs without Au NPs after adding coomassie blue dye(Assa npsicoomassie(A, C(BSA)) (Figure 4-12):

ABSA NPs/coomassieO\q C(BSA)) =
Anuessa NPs/coomassieOVa C(BSA)) - (CW Com(Au NPS)/CW/O com(Au NPS)) Aauessa ne (}L’ C(BSA))

Additionally, the absorbance of coomassie blue was also an interference for our quantification. Thus, the
PMA-NPs (without BSA) sample was used as the blank sample, denoted as Agsa Npsicoomassie(A, C(BSA) = 0).
Finally, the absorbance of BSA NPs after excluding all interferences ( AAssa/coomassie(A, C(BSA) > 0) was

expressed as follows (Figure 4-13):
AABSA/coomassieO\q C(BSA) > 0) = AAssa NPs/coomassieO\q C(BSA) > 0) - AAgsa NPs/coomassieOh, C(BSA) = 0)

Thus, the concentration of BSA on the Au NPs was acquired by applying the calibration curve of BSA
mentioned in chapter 3.
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Figure 4-10. Calibration curve of the absorbance of BSA-atenolol@PMA-Au NPs at 450 nm versus the molar

concentration.
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Figure 4-12. UV-Vis spectra of BSA-atenolol@PMA-Au NPs (red line) and PMA-Au NPs (black line) after removal of
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Figure 4-13. UV-Vis spectra of BSA-atenolol@PMA-Au NPs after subtracting the infererences of Au NPs and

coomassie blue after adding coomassie blue (i.e. BSA NPs).
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4.3.4 Calculation of the number of BSA molecules per Au NPs

The number of BSA per Au@BSA NPs was calculated according to the following equations:
Nesa =Maesa/ Mgsa

Nne = Cne * V

N = ngsa / Nnp

Nesa : humber of moles of BSA

Magsa : molecular weight of BSA

nne : NUmMber of moles of NPs

Cne : Molar concentration of NPs

V : volume

N : number of BSA molecules per NPs

In the present study, the concentrations of BSA and Au NPs can be obtained via Bradford assay and UV- Vis
spectra. Therefore, the number of BSA molecules per BSA-atenolol@PMA-Au NPs and BSA@PMA- Au
NPs were 25 and 20, respectively.

4.3.5 cAMP responses upon PMA-Au@BSA-atenolol NPs exposure in vitro

The dynamic changes of cCAMP signals in cardiomyocytes represent the distinct effects of cardiac function,
mediated by the adrenergic receptors of cardiomyocytes. By monitoring the alteration of intracellular cAMP
signals, the blockade effects of our NPs on 1-adrenergic receptors can be detected. As shown in Figure 4- 14,
compared with the control group (BSA@PMA-AuU NPs), when our BSA- atenolol@PMA- Au NPs were
diluted 3 times, the blockade effect was similar to atenolol alone, which means the BSA-atenolol conjugate
was still stable after attaching with Au NPs, and the inhibition effect was decreased as the concentration
decreased.
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Figure 4-14. cAMP response of BSA-atenolol@PMA-Au NPs tested in mouse cardiomyocytes (Provided by Dr.
Alexander Froese).
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4.4 Conclusion

Heart failure as a global pandemic is increasing in prevalence. Atenolol, a B blocker, can slow the heart’s beat
and decrease blood pressure by selectively binding the -1 adrenergic receptors. A previous study of our
collaboration partners found there are different subpopulations of B-1 adrenergic receptors distributed in the
T- tubules and the crest of cardiomyocytes. However, how the subpopulations of -1 adrenergic receptors
function are still less understood. Herein, we prepared the BSA-atenolol@PMA-Au NPs and evaluated the
colloidal stability of NPs, as well as the stability of the BSA-atenolol conjugate. Our in vitro experiment
indicates that BSA- atenolol@PMA-Au NPs can achieve the same inhibition of cAMP response compared to
free atenolol molecules. Furthermore, the BSA-atenolol@PMA-Au NPs can exclusively bind on the
subpopulation of the crest p-1 adrenergic receptors, whereas maintaining that in T-Tubules is nonbinding. In
this case, we are allowed to more selectively bind the specific p-1 adrenergic receptor subpopulations and
improve the therapeutic efficacy of atenolol. In addition, by linking with BSA, the endothelial barrier of NPs
delivery was overcome. Therefore, the NPs distribution in vivo was also modified. Since the in vitro and in
vivo experiments were done by our partners in UKE, we kindly recommend referring to our publication in the

future to know the whole story of this project.
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5 Summary and perspective

Although NPs hold great promise in diverse biomedical fields, the interactions between NPs and biological
environments are still poorly understood. When exposed to biological fluids, NPs are no longer homogenous
entities but are supposed to be hybrid NPs with multi-compartmental nature, including the inorganic core,
polymer shell, and biomolecular layer (also called protein corona). Each compartment exhibits a unique role
in the application and translation of NPs. For example, the inorganic core can be used as small molecules and
biomacromolecules carriers and endow NPs with some unique physicochemical properties. The polymer shell
maintains the colloidal stability of NPs in complex biological environments. The biomolecular layer
determines NPs’ final fate and distributions. Therefore, it is urgently necessary to figure out the biological

effects of each compartment of NPs, especially in a quantitative aspect.

In the first study, we quantitatively evaluated the biodistributions of gold (gold salts and Au NPs) and iodine
(Kl and iohexol) in chamomile via ICP-MS. The different biodistributions of the Au NPs library revealed that
both surface chemistry and size are critical for NPs transportation in plants. For instance, some surface ligands
such as ACC are more easily transported to petals, probably due to ACC being an amino acid analogy, which
is considered a nutrient. Among all the PMA-Au NPs, 31 nm was the simplest size for NPs transportation. In
addition, iodine (both Kl and iohexol) is also delivered to petals, indicating iodine is another nutrient for plants.

In the second study, we labeled each compartment of NPs with specific elements, then quantitatively
investigated the cellular uptake upon exposure to the same Au NPs with two different surface chemistry. We
found that surface chemistry mediates the formation of a specific protein corona and plays an important role
in cellular internalization. Through FCS measurements, we further quantified the binding affinity between
protein corona and NPs, suggesting that proteins can be delivered into cells more efficiently by modifying the

surface chemistry of NPs and screening the high binding affinity protein with NPs.

In the third study, we developed a nanomedicine (BSA-atenolol@PMA-Au NPs) to treat heart failure. We
conjugated atenolol with BSA and linked it with Au NPs. With NPs, the small molecules, atenolol, can be
selectively bound to a subpopulation of -1 adrenergic receptors in the crest of cardiomyocytes. Meanwhile,
BSA facilitates the delivery of NPs to the targets. In this way, we enable a better understanding of the

multi- compartmental nature of NPs and exploit the protein corona.
In the future, we will continue our studies in the following three aspects:

1. We will try to collaborate with botanists. By studying the vascular structures of plants, we hope further
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address the delivery of NPs, as well as the interaction between NPs and fine vascular structures.

2. Now we know the binding affinity is critical to the formation of the protein corona. Further, we want to
build an association between the specific protein corona and cell receptors. For example, to identify which
types of cell receptors are responsible for the cellular uptake, how many of these cell receptors exist on the
cell membrane, and how these cell receptors mediate the internalization of NPs. Furthermore, how these NPs
were degraded after internalization.

3. As there are still few Au NP formulations approved in the clinic, in the next step, we will try other NPs as
the alternative choices, such as organic polymers, lipid NPs, silicon NPs, etc. By evaluating the toxicity and
efficacy of the NP formulations in multi-aspects, we hope to push this nanomedicine into the clinic in the near

future.
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