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Preface

Preface

In July 2007, | joined the Junior Research Group (JRG) “Nanoparticles” at the Laser
Zentrum Hannover e.V. within the Excellence Cluster REBIRTH. This group, headed by
Dr. Stephan Barcikowski, is part of the Nanomaterials group, which mainly deals with
the fundamental characterization of metal and ceramic nanoparticle synthesis by laser
ablation in liquids. With the foundation of the JRG, the research field was planned to be
expanded by the development of bioactive nanocomposites for reconstructive therapy
and the design of functionalized nanoparticles for biomedical applications. | became in
charge of the second topic. As the objectives were not further detailed in the research
proposal, we quickly started to meet with other REBIRTH researchers to find out about
biomedical applications of functionalized nanoparticles. After some meetings, the mes-
sage was rather clear. Innumerous ideas for the application of functional nanoparticles
were mentioned, including the tracking of siRNA for a better understanding of cancer
therapy or marking of specific cells for cell sorting issues. While gold seemed to be a
promising core material of the nanomarker, the conjugation of nucleic acids and/or pep-
tides was mainly requested as surface functionalization. Biocompatibility and efficient
cellular uptake of the nanoparticles were defined as additional requirements.

However, there was not much concordance about the required design. Questions con-
cerning the optimal sterical and electrochemical conformation of functionalized gold
nanoparticles were raised. Also after an intensive literature research no consensus
could be concluded, evidencing that the structure-function-relationship of functionalized
nanoparticles is often not predictable. These findings motivated us to refine the laser-
based nanopatrticle preparation in order to provide a simple and rapid approach to func-
tionalized nanoparticles, facilitating the required experimental search of an adequate
design for each biological purpose.

In this context, the thesis at hand focuses on four main aspects:
e Toxicity and cellular uptake of laser-generated gold nanoparticles
e Bioconjugation of gold nanoparticles with nucleic acids during laser ablation
e Bioconjugation of gold nanoparticles with peptides during laser ablation

e Up-scale of the laser-based synthesis of nanoparticle bioconjugates
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Each of these aspects is represented by one to three research papers. In total, seven
reviewed papers are included, while four of them have been written by me. Further in
preface, my contribution to each of the papers will be assigned.

But foremost, | would like to thank Dr. Stephan Barcikowski for his helpful guidance,
the fruitful discussions, and his ideas, which have been valuable contributions to each
of the papers presented. Furthermore | acknowledge all my coauthors, particularly
Dr. Ulrike Taylor, Dr. Johanna Walter, and Dr. Csaba LaszI6 Sajti.

Biocompatibility and cellular uptake of laser-generated gold nanoparticles is addressed
in chapter 3. The first research paper included, Co-transfection of plasmid DNA and
laser-generated gold nanoparticles does not disturb the bioactivity of GFP-HMGB1
fusion protein, was written by myself and studies possible effects of laser-generated
gold nanoparticles on the transfection of plasmids, their read-out, and function of the
expressed proteins. My experimental contribution was the generation, size fractioning,
and characterization of gold nanopatrticles. For the performance of the biological as-
says, | kindly acknowledge the collaboration with Jan Thies Soller and
Dr. Hugo Murua Escobar, Kleintierklinik, Stiftung Tierarztliche Hochschule Hannover.

The second paper in this assembly, Nonendosomal cellular uptake of ligand-free, posi-
tively charged gold nanoparticles, addresses the cytotoxicity and the cellular uptake of
laser-generated gold nanoparticles. This research article is one outcome of a very fruit-
ful and intensive collaboration with Dr. Ulrike Taylor, who did most of the manuscript
preparation, Dr. Sabine Klein, and Prof. Dr. Detlef Rath, Friedrich Loeffler Institut Ma-
riensee. My contribution was the nanoparticle generation and support in result interpre-
tation and study design.

Chapter 4 presents the main set of consecutive investigations on establishment and
characterization of the bioconjugation of gold nanoparticles during laser ablation with
nucleic acids. The first two papers in this chapter, In situ bioconjugation - Single step
approach to tailored nanoparticle- bioconjugates by ultrashort-pulsed laser ablation and
Conjugation efficiency of the laser-based bioconjugation of gold nanoparticles with
nucleic acids, were both written by me. | performed all investigation and interpretation
of data. | especially acknowledge the discussion with Dr. Stephan Barcikowski during
manuscript preparation and his encouragement to submit to excellent journals. The
third paper, Laser ablation-based generation of bio-targeting gold nanoparticles conju-
gated with aptamers, demonstrates the functionality of laser-generated aptamer-
conjugated gold nanoparticles in an agglomeration-based and solid phase assay. This
study was conducted in collaboration with the Institut fir Technische Chemie, Leibniz
Universitat Hannover, particularly Dr. Johanna Walter, who conducted the manuscript



Preface

writing and Prof. Dr. Thomas Scheper, who | also acknowledge for taking the supervi-
sion of this doctoral thesis. All TEM and surface coverage analysis and the conjugation
of the PSMA aptamer with the gold colloid were conducted by me.

The third aspect presented in chapter 5 comprehends the bioconjugation of gold nano-
particles with the cell penetrating peptide penetratin. | fully conducted interpretation of
data and manuscript preparation of the paper Penetratin-conjugated gold nanoparticles
— Design of cell penetrating nanomarkers by femtosecond laser ablation. | acknow-
ledge Annette Barchanski for the experimental support in nanoparticle conjugate cha-
racterization during her internship and her master’s thesis under my supervision and

Dr. Ulrike Taylor and Dr. Sabine Klein for the cellular penetration assays.

The last of the four aspects is dedicated to the scale-up of the established laser-based
bioconjugation (chapter 6). A miniaturized process chamber for the generation of na-
noparticle bioconjugates in a liquid flow was constructed and its applicability was tested
by Dr. Csaba Laszl6 Saijti. | conducted the stationary experiments for comparison and
acknowledge Dr. Csaba Laszl6 Sajti for the preparation of the resulting research paper
In situ bioconjugation in stationary liquid and in liquid flow. Prior to publication the idea
was implemented in a patent application, Verfahren und Vorrichtung zur Herstellung
metallhaltiger organischer Verbindungen, PCT/EP2009/059116 (July 15" 2009).
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Abstract

Due to their interesting optical properties, bioconjugated gold nanoparticles show the
potential for applications as hanomarkers especially suitable for in vivo and long-term
studies. Three major requirements on these functional nanomarkers include the high
affinity towards a target molecule, an efficient cellular internalization, and biocompatibi-
lity, which are all affected by sterical (surface coverage, size) and electrochemical (sur-
face charge) properties. However, since the structure-function-relationship is often not
predictable, an experimental search of an adequate design for each biological purpose
is required. To facilitate and expedite this experimental research, the method of in situ
bioconjugation during laser ablation was established and further developed for the con-
jugation of gold nanoparticles with model biomolecules as single stranded oligonucleo-
tides, aptamers, and the cell penetrating peptide penetratin. Additionally, the suitability
of laser-generated gold nanoparticles for biological applications was explored with re-
gard to cellular uptake, cell viability, or interaction with biomolecules.

No adverse effects on the biofunctionality of expression plasmids and on cell viability at
nanoparticle concentrations required for the marking of cellular features were observed
during co-incubation experiments. Moreover, a non-endosomal cellular internalization,
which might be especially interesting for biomedical applications based on the interac-
tion with compartments in the cytoplasm, was detected.

The in situ bioconjugation during laser ablation allowed for a simultaneous nanopatrticle
fabrication and their bioconjugation via the addition of functional molecules to the abla-
tion medium prior the laser process. In a batch process, up to 20-30 ug of bioconju-
gates, being sufficient for one or two biological testings, could be generated in one
minute preserving the bioactivity of the conjugated agent. Exemplarily, unlimited func-
tionality of aptamer-conjugated nanoparticles could be proved in three independent
analytical methods. A nanopatrticle size quenching effect was evidenced during all con-
jugations in dependence of the biomolecule concentration in the ablation media, while
the peptide conjugation additionally induced the formation of aggregates at higher con-
centrations. In comparison to conventional nanoparticle bioconjugation techniques as
the ligand exchange method, five times higher maximal surface coverage values were
determined, being especially interesting for the conjugation of precious biomolecules.
While nanoparticle productivity in this batch process was limited by biomolecule degra-
dation at higher pulse energies, a developed flow chamber reduced this limitation,
opening the avenue towards high-throughput fabrication of nanoparticle bioconjugates.

In conclusion, in situ bioconjugation makes the rapid generation of variable bioconju-
gates accessible, which can facilitate and simplify the screening of an adequate nano-
particle design.

Keywords: gold nanopatrticle, bioconjugation, laser ablation in liquids



Zusammenfassung

Zusammenfassung

Auf Grund ihrer interessanten optischen Eigenschaften sind biokonjugierte Goldnano-
partikel vielversprechende Nanomarker fir In vivo- und Langzeitstudien. Die drei wich-
tigsten Anforderungen an die Nanomarker beinhalten eine starke Affinitdt zu einem
Zielmolekal, eine effiziente zellulare Internalisierung und Biokompatibilitat, welche stark
durch sowohl sterische (Belegungsgrad, GroBe) als auch elektrochemische (Oberfla-
chenladung) Eigenschaften der Nanopartikel beeinflusst sind. Da sich jedoch die Struk-
tur-Funktions-Beziehung oft nicht vorhersagen lasst, erfordert jede spezielle biologi-
sche Anwendung ein experimentelles Nanopartikeldesign-Screening. Zur Erleichterung
und Beschleunigung dieses Screening-Prozesses wurde die Methode der In situ Bio-
konjugation wahrend des Laserstrahlabtragens etabliert und am Modell der Biokonju-
gation von Goldnanopartikeln mit Oligonukleotiden, Aptameren und dem zellpenetrie-
renden Peptid Penetratin weiterentwickelt. Darlber hinaus wurde die Eignung der la-
sergenerierten Goldnanopartikel fir biologische Anwendungen mit Hinblick auf die zel-
lulare Aufnahme, die Zellvitalitat und die Interaktion mit Biomolekilen untersucht.
Nanopartikel-Koinkubationen mit fir biologische Anwendungen relevanten Konzentra-
tionen wiesen keine negativen Effekte auf. Weiterhin wurde eine nicht endosomale
Internalisierung beobachtet, welche Anwendungen, die auf einer Interaktion der Nano-
marker mit Zellkompartimenten im Zytoplasma beruhen, erst ermdglicht.

Durch die Zugabe von funktionellen Molekilen in das Ablationsmedium vor dem Laser-
Prozess ermdglichte die /In situ Biokonjugation eine gleichzeitige Herstellung von Na-
nopartikeln und deren Biokonjugation. Im Batch-Verfahren konnte innerhalb einer Mi-
nute eine flr ein bis zwei biologische Tests ausreichende Menge von 20-30 pg der
Biokonjugate hergestellt werden. Eine uneingeschréankte Funktionalitat der Biomolekile
wurde experimentell am Beipiel von Aptamer-Konjugaten nachgewiesen. Ein
Quenching des Nanopartikelwachstums wurde wahrend aller Konjugationen in Abhan-
gigkeit von der Biomolekulkonzentration beobachtet. Im Vergleich zu konventionellen
Methoden der Biokonjugation (Ligandenaustausch) konnten finffach hdéhere Bele-
gungsgrade ermittelt werden. Dies zeichnet die Methode besonders fir die Konjugation
von wertvollen Biomolekilen aus. Wahrend die Nanopartikel-Produktivitat im Batch-
Verfahren durch die Degradation der Biomolekule bei héheren Pulsenergien limitiert ist,
konnte diese Einschrankung mittels Entwicklung einer Durchflusskammer reduziert
werden. Damit wurde ein Schritt in Richtung Herstellung von groBen Mengen an Bio-
konjugaten geleistet.

Zusammenfassend bietet die Methode der In situ Biokonjugation einen schnellen Zu-
gang zu variablen Biokonjugaten. So wird das Screening nach einem passenden
Konjugatdesign beschleunigt und vereinfacht.

Schlagwérter: Goldnanopartikel, Biokonjugation, Laserstrahlabtragen in Flissigkeiten



1. Introduction and aims of the study

1. Introduction and aims of the study

Nanoparticles (NPs) are generally defined as discrete particles between 1 and 100 nm
in size [1]. They can be dispersed in water or organic solvents depending on the prepa-
ration conditions and capping agents surrounding the particles. The number of potential
applications of these colloidal particles is growing rapidly because of their unique elec-
tronic, optical, magnetic, and catalytic properties compared with the corresponding bulk
material and molecules. Especially their size comparable to biomolecule size let nano-
particles provide a particularly useful platform, demonstrating outstanding characteris-
tics with potentially wide-ranging biomedical applications.

The emerging research field of nanomedicine combines material science, biology, and
medicine. One major research field comprehends the conjugation of NPs with special
recognition motives as contained in nucleic acids (NAs) and peptides. The resulting
specific interaction with corresponding biomolecules (like antigen-antibody, hormone-
receptor complexes, complementary nucleic acids, aptamer-target molecule) leads to a
localized accumulation of the functionalized NPs. Depending on the NP material and
further surface functionalization, one could envisage four major implementations: bio-

sensing, bioimaging, localized therapy, and drug delivery.

Gold nanoparticles (AuNPs), functionalized with recognition motifs, represent a materi-
al with the potential of covering a very broad range of biomedical applications. Many of
these application prospects of AUNPs rely on their fascinating interaction with light. For
example, a gold colloid comprises an intensive red color (Figure 1.1 A). This tagging
feature is often used in solid phase assays for the detection of various biomolecules,
recognized by the functional gold nanoparticles (Figure 1.1 B). Additional to light ab-
sorbance AuNPs provoke a photostable intensive light scattering. In combination with
an accumulation due to the selective recognition of tissue, cells, or single molecules,
promising applications as diagnosis, cell sorting, and tracking of biological functions are
conceivable (Figure 1.1 C). A further application as therapeutic agent is based on the
heat release into the environment of AuNPs upon light absorption. A local photothermal
ablation of tissue, especially interesting for cancer therapy, might thus be enabled
(Figure 1.1 D).
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Figure 1.1.: (A) Gold colloid. (B) AuNP-based solid phase assay for the serial detection of up to
six amplified nucleic acid targets; courtesy of BBInternational, Cardiff, UK. (C) Scattering-based
detection of intracellular AuNPs [2]. (D) Photothermal ablation mediated by AuNPs. Cells irra-
diated in the absence of AuNPs maintain intact, as indicated by lack of intracellular fluorescein
dextran uptake (top). Cells irradiated with AuNPs possess well-defined circular zones of cell
membrane disruption (bottom) [3].

However, in order to become appropriate for biomedical applications, biocompatibility
(e.g., for diagnosis) and efficient cellular internalization (e.g., for tracking and marking
of intracellular targets) are two further requirements on functionalized AuNPs. It is now-
adays consensus, that biocompatibility, cellular internalization, and also binding affinity
of the NPs are affected by their sterical (e.g., surface coverage) and electrochemical
(e.g., surface charge) properties. However, the structure-function-relationship is often
not predictable. Furthermore, some properties might have opposite effects on each of
the required functions. One could for example imagine, that a positive net charge on
the NPs surface enhances cellular uptake on one hand, while it might reduce the affini-
ty towards a special recognition motif on the other hand. Synthesis and testing of vari-
ous different bioconjugates is thus required in order to find an adequate design for
each biological purpose.

Conventionally, the generation of AuUNPs is well established by chemical synthesis me-
thods in the presence of stabilizing agents. The bioconjugation with required recogni-
tion motifs is commonly enabled in a successive substitution of the stabilizing agent by
the functional molecule. This ligand exchange method is not trivial, as hindrance of
incoming and outgoing agents makes it arduous to predict the extent of place ex-
change. Low functionalization degrees might be the consequence, which is not toler-
able especially for precious biomolecules. Furthermore, the bioconjugation of AuNPs

with more than one functional molecule remains a severe challenge.

Laser ablation in liquids (LAL) has become a reliable alternative to traditional chemical
reduction methods for obtaining gold nanoparticles for researcg purposes to date. This
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approach consists in the ablation of a gold foil in liquid media by intense laser radiation,
leading to an ejection of its constituent and the formation of an AuNP colloid. Thereby,
it allows the generation of stable AuNPs in water and organic liquids without stabilizing
additives, providing great opportunities for a controlled particle in situ functionalization
via the simple addition of functional molecules to the ablation medium. Moreover, LAL
guarantees sustainability of the method due to negligible purification steps. Despite
these excellent properties with regard to biological applications, there are rare reports
on the application of laser-generated AuNPs in biology or medicine, while the in situ
bioconjugation with NAs or peptides during LAL has not been investigated so far.

In this context, the thesis at hand explores the applicability and the further development
of LAL for the rapid design of single stranded oligonucleotide (ssO) or peptide-
conjugated AuNPs. Additionally, as this deals with AuNPs with novel surface chemistry,
not reproducible by any other method, their biocompatibility and cellular internalization
is investigated.

The thesis is organized as follows:

The first part of chapter 2 reviews literature on biomedically relevant properties of
AuNPs and their dependence on structural features. A second and third part of this
chapter deals with the state of the art of conventional AuNP synthesis and their biocon-
jugation, while the final part introduces LAL as an alternative method likewise for AUNP

generation.

Chapter 3 to chapter 6 cover the presentation of the experimental results of this thesis.
These chapters are always supported by own research articles, prepared during the
study. Chapter 3 focuses on the biocompatibility and cellular uptake of laser-generated
AuNPs, while chapter 4 presents the main set of investigations on the set-up and cha-
racterization of the bioconjugation of AuNPs during laser ablation with NAs. The ex-
pansion of this in situ conjugation method to the coupling of peptides is discussed us-
ing the example of the cell penetrating peptide penetratin in chapter 5. The 6™ chapter
is dedicated to the scale-up of the established laser-based bioconjugation. A summary
and outlook is provided in chapter 7.
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2. State of the art

2.1. Gold nanoparticles in biomedicine

Today’s biomedical importance of AUNPs is mainly based on their outstanding optical
properties. However, advancing the use of AuNPs in e.g., cellular imaging can only
take place with a fundamental understanding of the cellular mechanisms involved in
their uptake. For in vivo application the biocompatibility of the gold nanoparticle is a
further important factor. Further in text, these three aspects are considered, while spe-
cial attention is given to their structure dependency.

2.1.1. Optical properties

The use of gold in decorative artworks as a red colorant is as ancient as the Roman
Lycurgus cup from the 4™ century. The attribution of the intensive red color to colloidal
gold has first been recognized by Faraday in 1857 [4], while the origins of the pheno-
menon have been intensively studied and explained by the Mie theory half a century
later [5]. Mie discovered that for a spherical NP much smaller than the wavelength of
light, an electromagnetic field induces a resonant, coherent oscillation of the metal free
electrons across the NP (Figure 2.1 A). The oscillation, to date known as surface plas-
mon resonance (SPR), results in a strong enhancement of light absorption and scatter-
ing at a certain frequency. This frequency and the cross section of the SPR depend on
metal composition, NP size and shape, dielectric properties of the surrounding me-
dium, and the presence of inter-particle interactions [6]. The influence of these va-
riables on the optical properties can be estimated by the Mie theory (Egn. 2.1). Resolv-
ing this equation for AUNPs in water, one finds that the SPR is situated around 520 nm,
evidencing a slight bathochromic shift with increasing particle diameter.

"

3/
3 24m2R3e,)? €
ext = A (6" + 2€,)%+ €2

(Egn. 2.1))

Cex : €xtinction cross section, R: particle radius (equation valid if 2R<<A), €,: dielectric constant
of the surrounding medium, and e=¢’(A)+i”(A): wavelength-dependent, complex dielectric func-
tion of the nanoparticle material
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Additionally, the relative contribution of SPR scattering to the total extinction of small
AuNPs is close to zero, while it increases for bigger AuNPs. Hence, 40-nanometer-
sized nanoparticles essentially show SPR-enhanced absorption (Figure 2.1 B) with an
estimated extinction coefficient of 7.7x10° M"em™ at 530 nm [7], being about five or-
ders of magnitude higher than that of conventional fluorophore labels (e.g., malachite
green: 1.5x10° M"ecm™ at 617 nm [8]). According to that, smaller AuNPs are interesting
for the colorimetric bioanalytical sensing with extraordinary high sensitivity. By contrast,
the extinction caused by 80-nanometer-sized AuNPs, is about 50 % due to scattering
and 50 % due to absorption (Figure 2.1 C). These particles are therefore more promis-
ing for the use as contrast agents in cellular imaging, overcoming the problem of subtle
differences between marked and unmarked cells. Due to the absence of photobleach-
ing under light irradiation, long-term tracking of subcellular functions is also enabled by
AuNPs. However, in vitro success of imaging can be extended to skin and surface-type
cancers, while for deeper tissue near infrared excitation with penetration depth up to a
few centimeters is required. One route to in vitro imaging can be achieved by the use of
nanorods, which in addition to an SPR band around 520 nm, show a band at longer
wavelength, arising from the plasmon oscillation of electrons along the longitudinal axis

of the nanorods [9].
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Figure 2.1.: (A) Schematic representation of the interaction of a metal nanosphere with light
[10]. Mie theory absorption (red dashed curve), scattering (blue dotted curve) and extinction
(green solid curve) spectra of Au nanospheres of diameter (B) 40 nm and (C) 80 nm [7].



2.1. Gold nanopatrticles in biomedicine

Another interesting property of AuNPs for sensing is the SPR’s sensitivity to the local
refractive index/dielectric constant of the environment surrounding the NP surface.
Thus adsorption and binding events as for example hybridization reactions at the sur-
face might be monitored [11]. But also the self assembly and aggregation of gold na-
noparticles results in a shift of SPR, which is used in the nowadays developed assays,
based on the analyte-induced agglomeration of AuNPs [12].

2.1.2. Cellular internalization

Most of cellular internalization studies performed with AuNPs so far, revealed an active
endocytic or phagocytic mechanism that is temperature and energy-dependent. An
influence of the AuNP size on internalization has been observed by two independent
groups and studies [13, 14, 15]. In a diameter range from 10 to 100 nm, 40 to 50-
nanometer-sized chemically derived AuNPs seemed to be internalized most efficiently
by endocytosis, while the time for internalization often occupies up to 48 h.

With regard to surface charge, positively charged NPs were generally internalized with
a higher efficiency compared to negatively charged NPs. This is often dedicated to the
higher affinity of positively charged species to phospholipids in the cell membrane. En-
dosomal escape was preferentially reported for smaller positively charged NPs [16],
which might be important if further interaction of the NP with subcellular compartments
is required.

Surface modification is a further means reported to provide AuNPs with the ability to
specifically bypass intracellular obstacles (e.g., endosomes). Besides viral vectors [17]
and dendrimers [18], which might provoke adverse effects on cells, peptides containing
so-called protein transduction domains are more and more used as carriers to effi-
ciently translocate across cell membranes [19, 20]. The internalization mechanism of
these amphipathic peptide sequences is still controversially discussed; one even as-
sumes that some peptides cross the cellular membrane by more than one mechanism
in dependence on the cargo molecule and the peptide concentration [21]. Among these
cell penetrating peptides (CPP), the most popular is the Tat peptide, derived from the
human immunodeficiency virus type-1 (HIV-1) Tat (transactivator of transcription),
which has already been described to efficiently deliver AuUNPs, conjugated via BSA [22]
or tiopronin [23], into cells and even the nucleus.
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Figure 2.2.: Schematical representation of the (A) NP size and (B) surface charge dependent
nanoparticle uptake and (C) endosomal escape. (D) Endosome bypassing can be additionally
achieved by surface modification [16].

Figure 2.2 schematically summarizes the key variables (size, surface charge, and func-
tionalization) appearing to be most critical for the efficiency and mechanism of NP up-
take into cells. These should hence be systematically studied and adapted for each
biological application in order to avoid the need of invasive methods (e.g., microinjec-
tion) or use of transfection agents affecting membrane functionality for efficient cellular

internalization.

2.1.3. Biocompatibility

Bulk gold is known as a bioinert and hence biocompatible metal due to the absence of
interactions between orbitals of adsorbates like hydrogen and oxygen and occupied d-
orbitals of the gold [24]. However, materials non toxic at macroscale are reported to
become harmful to cells at nanoscale [25], and as AuNPs for biological applications are
intentionally engineered to interact with cells, it is important to ensure that these en-
hancements are not causing any adverse effects.

In recent literature, AUNPs are variously described as nontoxic or toxic. Nevertheless in
comparison to other nanoscale material as for example quantum dots and carbon na-
notubes, indications for significant toxicity at low concentrations are rather rare [26, 27].
However, the issue with apparently conflicting data regarding toxicity of AuNPs can be
resolved by focusing on the various factors, which might influence the cytotoxic effect
of the colloid. First of all, there is no accepted reference NP system available; hence
every toxicity study employed differently generated AuNPs with varying size and sur-
face modification. A further aspect is that each cell line acts differently under exposition
to NPs and last but not least the used biological testing also has a significant influence
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on obtained results. A norm, similar to the ISO 10993-1 for the biological evaluation of
medical devices, would hence be required for reliable biocompatibility testing of NPs.

However, some factors possibly leading to an enhancement of cytotoxicity have al-
ready been determined to date. Non-surprisingly, a higher degree of cellular internali-
zation of AuNPs seems to go along with a decrease in cell viability. As cellular uptake
efficiency is mainly dictated by surface modification and nanoparticle size (chap-
ter 2.1.2), these properties are suspected to affect nanoparticle toxicity as well.

In this context, Thomas et al. discovered a decrease of cell viability to 70 % after
6 hours of dodecylpolyethylenimine-(PEI-)conjugated AuNP exposure [28]. These PEI-
modified AuNPs could transfect monkey kidney cells six times better than PEI alone.
Studies by Tkachenko et al. observed the same tendency for peptide-BSA gold com-
plexes [22]. With higher uptake in the cytoplasm and the nuclei, a higher level of cyto-
toxicity was determined. These findings were stressed by Goodman et al., who showed
that cationic (ammonium-functionalized) AuNPs, showing high electrostatic attraction to
plasma membranes and therefore higher internalization potentials, were clearly more

cytotoxic than anionic (carboxylate-functionalized) AuNPs [29].

Concerning the size-dependent cytotoxicity of AuNPs, Jiang et al. reported a direct
correlation with cellular uptake efficiency in the range of 2 to 100 nm [13]. Accordingly,
they stated a high degree of cytotoxicity for medium-sized AuNPs (40-50 nm as de-
noted in chapter 2.1.2). Pan et al. studied the size-dependent cytotoxicity for lower par-
ticle diameters down to 0.8 nm [30]. Interestingly, they found that triphenylphosphine-
monosulfonate-capped Auss clusters of 1.4 nm diameter are much more cytotoxic than
15-nanometer-sized AuNPs of similar chemical composition. They assumed that this
effect is associated with oxidative stress and mitochondrial damage [31].

Although most reported biological effects of AUNPs seem to involve interactions with
cellular components such as the plasma membrane, these results show that nanopar-
ticles might also provoke sublethal effects by inducing oxidative stress, lipid peroxida-
tion, inflammation, and up and downregulation of genes. Pernodet et al. for example
observed morphological changes of cells due to AuNP exposition [32], while a downre-
gulation of a number of DNA repair genes has been reported without any indices of
loss in cell viability by Singh et al. [33].

Besides the biocompatibility of AuNPs themselves, the purity of the colloid should be
one important concern, as the commonly used gold precursor (HAuCl,) was found to
be over 90 % toxic after 3 days of exposure [34]. This either requires good washing
procedures applied nowadays or synthesis methods omitting the use of a toxic precur-

Sor.
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2.2. Chemical preparation of gold nanoparticles

NP synthesis methods are typically grouped into two categories: “top-down” and “bot-
tom-up”. The first involves division of a massive solid into smaller portions. This ap-
proach may involve milling, chemical methods, and volatilization of a solid followed by
condensation of the volatilized components as for example NP generation by LAL. The
mechanism and the application of this laser-based method for the synthesis of AUNPs
are basically discussed in chapter 2.4. The “bottom-up” approach, often referred to as
chemical reduction methods (CRM), is far more popular in the synthesis of metal and
metal oxide NPs to date. The proposed mechanism involves stepwise formation of na-
noclusters based on nucleation, growth and agglomeration of atoms or molecular enti-
ties in solution [35]. Generally, metal salts are reduced to zerovalent metal atoms,
forming irreversible “seed” nuclei due to collisions of metal ions, metal atoms, or clus-
ters. The diameter can be well below 1 nm depending on the strength of the metal-
metal bonds and the difference between the redox potentials of the metal salt and the
reducing agent applied (Figure 2.3). In order to control subsequent agglomeration of
nuclei, protective agents are added to the reaction solution. Common protective agents
are either charged, providing the NPs with an electrical double layer, or sterically bulky,
shielding the metallic surfaces from each other. These two basic modes of stabilization
are described by the termini electrostatic and steric stabilization. Several CRMs were
reported and reviewed for the preparation of AuNPs throughout the 20" century and
particularly in the past decade [36]. The following section focuses on main break-
throughs in the chemical preparation of AuUNPs.
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Figure 2.3.: Formation of metal colloids by CRM [37].
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2.2.1. Citrate reduction

The simplest and by far the most commonly used CRM for AuNP preparation is the
aqueous reduction of gold salts (mainly tetrachloroauric acid HAuCl,) by sodium citrate
at reflux, introduced by Turkevitch et al. in 1951 [38]. The following mechanism of par-
ticle formation and growth is proposed: Au®* is reduced in solution by citrate to Au*,
which forms multimolecular complexes with dicarboxy acetone, as oxidation product of
citrate (Figure 2.4). The complexes subsequently disproportionate, and gold atoms are
formed. These atoms adsorb Au® and, by complexation with dicarboxy acetone, form

aggregates.
Q ‘
\C\-’D _Aucl
A{ e
c—0-. H
p .
0/ C_) ,.-AUCI H(|: —
O:Q/O ) Ac —— (|:=0
I /0"---AuCl HC —
p— H
I o 9
Q / 8"'---
_J
(&) \ O
o N
< (]

Figure 2.4.: lllustration of complex of aurous species and dicarboxy acetone [39].

Citrate simultaneously occupies the role of the reducing agent and provides the NPs
with a negative charge and thus an electrostatic stabilization. Generally, this method
leads to AuNPs of around 20 nm, but in an early effort, reported in 1973 by Frens,
AuNPs of predetermined size (16 to 147 nm) were obtained via the variation of the ci-
trate-to-gold ratio [40]. However, citrate is rather loosely bound to the gold surface,
reducing long-term stability of such gold colloids. For storage these colloids need to be
hermetically sealed in pre-scored glass ampoules in order to avoid oxidation [41].
Moreover, commercially available citrate-stabilized gold colloids sometimes contain
rather toxic preservatives as sodium azide, rendering biomedical applications of these
colloids impossible [42].
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2.2.2. Gold cluster

The first breakthrough towards stable nanoclusters with narrow size dispersity was
heralded in 1981 by the foundation of “Schmid’s cluster” [Auss(PPhs):2Clg] [43]. This
metal cluster, obtained by the reduction of the phosphine gold halide (CgHs)sPAuUCI with
B,He in benzol, was the first in which the number of metal atoms significantly exceeded
the number of ligands. This CRM results in a very well defined arrangement of 55 metal
atoms and 12 monodentate ligands with an average size of 1.4 nm £ 0.4 nm (Figure
2.5).

Figure 2.5.: (A) Metal core and (B) computer model of “Schmid’s cluster” [Auss(PPh3)12Clg] (Col-
or legend: yellow: gold atoms, grey: triphenylphosphane, and green: chlorine atoms) [44].

2.2.3. Two phase synthesis and stabilization by thiol ligands

The so-called Brust-Schiffrin method has had a considerable impact directly after its
publication in 1994, because it allows the facile synthesis of thermally and air-stable
AuNPs of reduced dispersity and size ranging between 1.5 and 5.2 nm in diameter
[45]. It even allowed the repeated isolation and re-dissolution of AUNPs in organic sol-
vents without irreversible aggregation or decomposition. The method behind is inspired
by Faraday’'s two phase system [4] and uses thiol (SH) ligands that strongly bind to
gold due to the soft Lewis character of both gold and sulfur. Briefly, aqueous AuCl, is
transferred to toluene using tetraoctylammoniumbromide as phase transfer reagent
(Egn. 2.2) and reduced by NaBH, in the presence of dodecanethiol (Egn. 2.3).

AuClyagy + N(CgHy7)4" (CsHsMe) — N(CgHy7)4 " AuCly (CsHsMe)

(Egn. 2.2.)

NaBH
mAUCI; (CoHsMe) + nCyyHys SH(CoHsMe) + 3me™ —— 4mClyq) + (At (Cro Has SH), (CoHsMe)

(Egn. 2.3.)
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One limitation of this CRM is the indispensable purification of the colloid by a Soxhlet

extraction in order to minor tetraoctylammonium impurities [46].
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Figure 2.6.: The Brust-Schiffrin method yields the formation of RSH-stabilized AuNP by
reduction of Au®* [47].

But it is advantageous that resulting AuNPs are sterically stabilized with alkanethiols
(RSH) in a well defined and ordered manner (Figure 2.6), referring to the self-
assembled monolayers (SAM) of RSH on planar gold surfaces, discovered by Nuzzo
and Allara in 1983 [48]. Two distinct adsorption kinetics are described to date [49]. The
first is governed by the anchoring group (SH, disulfide etc.) and results in a monolayer,
reaching a thickness of about 80-90 % of its maximum after a few minutes. The second
step, where spacers (alkyl, ethyleneglycols etc.) get out of the disordered state, can
last up to several hours and is mostly determined by the different components of chain-
chain interaction (van der Waals, dipole-dipole, electrostatic). The reaction mechanism
is formally considered as an oxidative addition of SH to the gold surface, followed by a
combination of formed hydrogen atoms to yield H, molecules (Egn. 2.4).

RSH + Aul - RS~ Au™ - Aud_, + 1/2H,
(Egn. 2.4.)

It is nowadays well known that certain factors including head-group functionality, chain
length and terminal group type control the structure of SAMs on both planar and parti-
cle surfaces [49]. However, the packaging on NP surfaces is additionally influenced by
the particle diameter and surface curvature, thus less ordered SAMs with higher mo-

lecular packing are observed on smaller NPs [50].
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2.3. Bioconjugation of chemically derived gold nanoparticles

The immobilization of biomolecules (proteins, enzymes, and NAs) on polymers and
anorganic carriers for biosensing is well established by various methods, including
physisorption, electrostatical interaction, specific recognition, and covalent coupling. In
order to open the avenue to the field of functionalized NPs for diagnostic and therapeu-
tic applications, some of these methods are recently applied for the coupling of NPs
and biomolecules. The following section introduces, but also identifies limitations of the
electrostatic adsorption (Figure 2.7 A) and the thiol-mediated ligand exchange reaction
(Figure 2.7 B-D) for the bioconjugation of chemically derived AuNPs. Main focus is
drawn to the bioconjugation with NAs or protein structures, as two major classes of
biomolecules with main relevance for targeting of specific molecules and cellular struc-
tures.
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Figure 2.7.: Common bioconjugation techniques for chemically derived AuNPs [51]. (A) Electro-
static interaction of proteins and negatively charged AuNPs and thiol-mediated ligand exchange
for the bioconjugation of (B) thiolated ssO, (C) cystein-rich proteins, and (D) proteins with incor-
porated thiol groups. (E) Bioaffinity interaction via streptavidine-biotin-complexes.
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2.3.1. Electrostatic adsorption

The electrostatic adsorption of biomolecules on AuNPs presents a simple modification
and is mostly applied to the coupling of big proteins [51]. One example is the adsorp-
tion of immunoglobulines to negatively charged AuNPs obtained by citrate reduction
[52]. The reaction is carried out at a pH slightly above the isoelectric point of the citrate
ligand to ensure electrostatic interaction with the positively charged amine residues of
the aminoacids. The electrostatic adsorption has been furthermore applied for the for-
mation of multilayers. Positively charged proteins, adsorbed to citrate-stabilized
AuNPs, might act as platform for further adsorption of charged polyelectrolytes. Thus,
functional layers of high density can be grown up to several 100 nm [53]. However, this
conjugation method might provoke problems of instability and inactivation of the protein
due to the unoriented immobilization. This inactivation might be even more fatal for
ssO, which have been shown to form a DNA shell on AuNPs via citrate substitution
[54].

2.3.2. Thiol-mediated ligand exchange

The formation of SAMs by RSH ligands, introduced in chapter 2.2.3 as a form of steri-
cal NP stabilization, can be also employed for AUNP bioconjugation. However, the ad-
dition of thiolated biomolecules in the synthesis environment before the reduction of the
metal salts, which is supposed to be the most intuitive way, is less common, due to
compatibility problems between functional molecules and reaction conditions but also
to the sensitivity of CRMs to the properties of stabilizers, e.g., solubility [55]. More
usual to date is a subsequent ligand exchange reaction, which involves the substitution
of the stabilizing agent (commonly RSH or citrate) with the functional molecule to be
introduced (Figure 2.8). But this ligand exchange is not trivial, as hindrance of incoming
and outgoing agents makes it arduous to predict the extent of place exchange [55]. No
entire replacement is achievable and certain reaction precautions as heating and buff-
ering to obtain satisfactory yields and surface coverages are often required. AuNPs,
derived by citrate reduction, generally allow an easier replacement than thiol-stabilized
NPs and are more appropriate for biological purpose due to their solubility in aqueous
solutions. However, aggregation might occur and compared to bare metal surfaces, a
lower degree of functionalization has been observed [56, 57].
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Figure 2.8.: Thiol-mediated ligand exchange on (A) thiol and (B) citrate-stabilized AuNPs.

Despite these concerns, the ligand exchange on citrate-stabilized AuNPs is still the
method of choice for the conjugation of single stranded oligonucleotides (ssO), pio-
neered by the two research groups of Mirkin-Letsinger at Northwestern University and
Alivisatos-Schultz at Berkeley University. As NAs do not naturally contain SH residues,
this modification has to be introduced synthetically in order to provide a precise defini-
tion of the anchoring site and thus enabling the formation of a well controlled SAM.

With the establishment of a fluorescence-based method for the quantification of the
surface coverage of ssO per NP, Letsinger et al. were able to define required reaction
conditions [58]. Thus, a salt aging step seemed to be crucial in obtaining stable NPs
with a high surface coverage of ssO, probably due to reduced interstrand repulsion in
high ionic strength media. They observed furthermore that the footprint of the conju-
gates was primarily determined by the amount of added ssO. At low concentrations,
the ssO are wrapped around the NP, while at high concentrations they are more likely
bound in stretched shape pointing perpendicularly to the surface [59]. This at least
holds for the inner part of approximately 30 bases, while the outer parts might adopt
random coil configuration, promising for effective hybridization experiments (Figure
2.9). Besides concentration and chain length, nucleobase sequence seems to have an
important impact on the conjugate footprint and surface coverage. Thymine for in-
stance shows a low binding affinity to gold, favoring the stretching of ssO, resulting in
higher surface coverages [60]. Moreover, different thiol anchor groups were investi-
gated. Tridentate SH seemed to induce higher stability of conjugates than bidentante or
monodentate SH ligands [61]. This fact was stressed by Dougan et al. They discovered
that omitting the treatment with dithiothreitol (DTT) prior to conjugation, which is usually
carried out to ensure that the SH-modified ssO is in a mono-thiol form rather than disul-
fide when applied to NPs, does not provoke a trade off in conjugate stability or surface
coverage [62].
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Figure 2.9.: Possible configurations of ssO attached to the surface of AuNPs in dependence of
ssO concentration, spacer length and binding affinity of the nucleobase sequence.

Besides NAs, the thiol-mediated chemisorption has also been applied to protein-like
structures, although the problem of inactivation during electrostatic adsorption is less
dominant. There are two possible routes: either the amino acid sequence contains one
or even more cysteines (Figure 2.7 C) [63], whose side chain comprises an SH resi-
due, or the SH modification is incorporated chemically with exemplarily 2-Iminothiolan

at primary amines (Figure 2.7 D) [64].

If there is no possibility of providing the biomolecule with a terminal SH group an inter-
mediate spacer is required. For this, AUNPs can be modified with a bifunctional linker,
comprising a SH anchoring group and a functional head group for further reaction with
biomolecules. This could be for example an activated ester to interact with primary
amines, contained in nearly every biomolecule, or a molecule with a specific recogni-

tion motif as streptavidine for biotinylated molecules (Figure 2.7 E).

2.3.3. Multifunctionalization

Multifunctional AuNPs are desired in order to enable a broad range of biological appli-
cations. For example, the combination of AUNP as imaging moiety with a recognition
motif, an effector molecule (e.g., drug) and an agent supporting the cellular membrane
translocation would enable a traceable drug delivery even at subcellular level. How-
ever, the bioconjugation of AuNPs with more than one functional molecule is still a se-
vere challenge by CRM. For instance, as the ligand exchange does hardly allow for a
predefinition of the surface coverage obtained with one functional molecule, the con-
trolled conjugation of several functions by this method is even more complicated. Nev-
ertheless, few approaches have been investigated lately. For example, Qian et al. re-
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ported the double conjugation, beginning with an electrostatic adsorption of an organic
dye followed by a thiol-mediated ligand exchange with a polyethylene glycol (PEG)
(Figure 2.10 A) [65]. In the same context, Lee et al. described the synthesis of bifunc-
tionalized AuNPs starting with the ligand exchange for the conjugation of NAs (siRNA)
and a subsequent electrostatic adsorption of a cell penetrating agent (PBAE) to the
previously conjugated siRNA (Figure 2.10 B) [66]. However, instability as consequence
of an unpredictable substitution of electrostatically adsorbed molecules by examplariliy
proteins contained in the serum leads to an undefined design of multifunctionalized NP
during biological application. The establishment of an approach allowing an oriented
immobilization of more than one molecule with predetermined surface coverage would

hence considerably facilitate the design of multifunctional AUNPs.
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Figure 2.10.: Bifunctionalized AuNPs obtained by (A) electrostatic adsorption of a dye and
ligand exchange with thiolated PEG [65] and (B) ligand exchange with thiolated siRNA and elec-
trostatic absorption of the cell penetrating agent PBAE [66].

2.4. Laser ablation in liquids

Laser ablation in liquids (LAL), which has been pioneered by Henglein et al. in 1993
[67], has become a reliable alternative to traditional CRM for obtaining noble metal NPs
to date for research purposes. The basic experimental set up is mainly described, as
consisting of a pulsed laser system, a set of beam guidance and focussing optical
components and a vessel, containing a metal plate at the bottom, covered with a liquid
layer of the desired ablation media (Figure 2.11). The formation of a nanoparticle col-
loid is then achieved by ablation of the metal target with intense laser radiation. The
application of lasers with fs, ps and ns pulses at visible or near infrared wavelength has
been described for mainly gold, silver, platinum and copper nanoparticle synthesis,
while femtosecond lasers represent the gentlest method with regard to thermal impact
to both the ablated material (which releases the NPs) and the surrounding liquid [36].
However, this simple method, adaptive to many materials, shows two limitations with
regard to CRM, which are the deficient size control of NPs and comparably low produc-
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tivity. To address the first constraint, chemical-free laser treatments are nowadays de-
veloped for size manipulation after nanoparticle synthesis. The following chapter re-
views the mechanism of NP formation by LAL, characteristics of laser-generated
AuNP, their bioconjugation, and size control.

Laser system

Focussing unit

Variable ablation medium
(water, alcohols, alkanes, etc.)

Variable target
(Au, Ag, Cu, etc.)

Figure 2.11.: Schematic representation of the laser ablation in liquids.

2.4.1. Mechanism of nanoparticle formation

NP formation by laser ablation has been intensively studied, but, probably due to the
complexity of involved physical processes, a comprehensive understanding is still lack-
ing. In general, laser ablation of a target starts with an energy absorption, which can
produce heating and photoionization of the irradiated area. Consequently, material is
ejected either as vapors, liquid droplets, solid fragments, or as an expanding plasma
plume, which is to date assumed being the prevailing cause of NP generation. This
plasma adiabatically expands and creates a shock wave under the confinement of the
liquid, inducing an extra pressure and temperature increase in the plasma plume [68,
69]. Both plasma pressure and temperature are shown to vary with the laser wave-
length [69], the thickness of the liquid layer [70], and with the focussing conditions [71].
Due to the confinement the highly excited ejected species forming the plasma stay in
close proximity of the target surface [72], leading to an extremely high density, typically
in the order of 10'°-10%" cm™for pulse durations of 20 to 150 ns [73]. The energy trans-
fer is hence strongly enhanced and should lead to a secondary plasma-related abla-
tion. With subsequent expansion of the plasma plume, the ejected species are expe-
riencing a fast decrease of their temperature, so that after recombination of electrons
and ions a cavitation bubble of vaporized solvent and condensing species remains.
Thus, nucleation has started, which is directly followed by a diffusion-limited growth

process, where free metal ions condense on nuclei or nuclei coalesce with each other.
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Depending on the ablation medium, this growth process can continue even after the
collapse of the cavitation bubble. In the case of high affinity of the metal ions with the
ablation medium (e.g., Ag in water), the growth process might even last for several
days [74]. The collapse of the cavitation bubble has been reported to be that violent
that a generated second shock wave will expel the NPs from the target surface and
cause a third round of material ejection by pressure etching [75].

Although the prevailing mechanism of NP formation during LAL consists in nucleation
during plasma plume cooling followed by nuclei growth and coalescence, some authors
assume the existence of additional mechanisms particularly for ns laser ablation, in-
cluding the ejection of melted droplets or solid fragments from the target resulting in the
formation of larger NPs [76].

2.4.2. Effect of laser parameters on nanoparticle size

According to the above described formation mechanism, the nucleation time and
growth time of nuclei, influenced by temperature, pressure, and density of metal ions,
determine the final size of laser-generated NPs. The applied fluence [76], wavelength,
and pulse length [77] thus affect the resulting NP size. However, as temperature atomic
density etc. are not homogeneous throughout the plasma plume, broad NP size distri-
butions are characteristic of laser-generated NPs [77, 73] if no stabilizing additives are
present in the ablation medium (chapter 2.4.4). Additionally, further laser interaction
with already formed particles, in particular those showing an SPR-enhanced light ab-
sorption at the applied laser wavelength, induces significant changes in the NP size. In
dependence of again laser fluence, pulse duration, and laser wavelength, either Cou-
lomb explosion or heating-melting-evaporation processes are initiated. For instance,
the use of high radiation intensities and short wavelength favors the NP fragmentation
through the Coulomb explosion [78, 79, 80, 81], while a milder laser irradiation contri-
butes to photothermal pathways, provoking a particle melting and their subsequent
coalescence [82]. As formation of NPs by laser ablation in a batch sytem cannot be
separated from these fragmentation or melting processes, it is ardous to predetermine
NP size and size distribution by laser parameters in a simple and controlled way. How-
ever, these processes can be applied in a laser treatment after NP formation allowing
the controlled size reduction or increase. The latter can also be triggered by the addi-
tion of variable amounts of salts, inducing particle agglomeration before mild laser ir-
radiation [78].
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2.4.3. Gold nanoparticles by laser ablation

Although reports on laser-generated AuNPs are probably dominating in literature, the
formation of NPs by LAL has been studied for a broad range of materials. Some struc-
tural features were thus identified to be valid for all laser-generated metal NPs and
probably implied by the above described formation mechanisms. For example, laser-
generated metal NPs generally have a spherical or roughly spherical shape, while de-
viations are frequently observed in a minor fraction of particles, probably as a result of
coalescence of nuclei soon after the nucleation process [83]. Another frequently ob-
served feature of laser-generated metal NPs is their polycrystallinity (Figure 2.12 A),
suggesting particle agglomeration due to coalescence in solution or a consequence of
their deposition onto the grid for transmission electron microscopy (TEM) [84, 85].

Furthermore there are other features as size, surface characteristics, and stability,
which seem to depend on the combination of ablated material and the surrounding ab-
lation medium. AuNPs have so far been obtained by LAL in a series of pure solvents,
as indicated in Table 2.1, without pretending to be exhaustive. One observes that the
size distribution of AUNPs obtained by laser ablation in water is generally broader and
shifted to larger average diameters compared to AuUNPs generated in organic solvents.
This trend is mostly referred to a strong interaction of the solvent with the surface, be-
ing competitive with particle growth. However, this does not implicitly lead to better NP
stabilization in organic solvents than in water. Contrarily, AUNPs obtained by laser ab-
lation in e.g., n-alkanes [83], dimethyl sulfoxide, acetonitrile and tetrahydrofuran [86]
without any stabilizing agent are often subject to aggregation on a time scale of days or
weeks, while they are stable in water over years. The mechanism behind nanoparticle
stabilization in organic liquids, if observed, has not been resolved in detail so far. Also,
the contribution of possible pyrolysis products of the solvent, as result of intensive laser
radiation, is not clear. In this context, it has for example been reported that AuNPs,
obtained by laser ablation in toluene, are embedded in a graphitic carbon matrix [87].
This fact might significantly influence stability.
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Table 2.1.: AuNP size obtained by laser ablation in pure solvents.

Solvent Diameter Laser parameter* Reference
n-Hexane 8 nm 5 ns, 532 nm [83]
Dimethylsulfoxide 4.8 nm 9 ns, 1064 nm [86]
Tetrahydrofuran 8.2 nm 9 ns, 1064 nm [86]
Acetonitrile 3.6 nm 9 ns, 1064 nm [86]
Toluene 1.8 nm 9 ns, 1064 nm [87]
N-Propylamine 5-8 nm 120 fs, 800 nm [88]
Water 120 nm 120 fs, 800 nm, [76]
F>400 J/cm?
Water 4 nm 120 fs, 800 nm, [76]
F< 100 J/cm?
Water 11 nm 5 ns, 1064 nm [89]

*pulse duration, wavelength, Fluence (F)

In comparison, the stabilization of AuNPs obtained by laser ablation in water, is rather
well defined by electrostatic repulsion of negatively charged species at the AuNP sur-
face. These charged species are assigned to AuO™ by FTIR and secondary ion mass
spectrometry experiments [88]. X-ray photoelectron spectroscopy, by the groups of
Mafuné and Meunier, supportingly revealed the presence of Au'* and Au®* at the NP’s
surface [88, 89]. A further indication was delivered by zetapotential measurements,
which showed a significantly lowered negative value with decreasing pH of the sur-
rounding medium probably due to the equilibrium between AuOH and AuO™ species
(Figure 2.12 B and C) [88]. Muto et al. estimated by titration with the cationic surfactant
cethyltrimetyl ammonium bromide that 3.3 - 6.6 % of surface gold atoms own this nega-
tive charge at neutral pH [89]. To summarize, the laser-generated AuNPs are partially
oxidized during the laser process in water, probably as consequence of the highly reac-

tive plasma environment.
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Figure 2.12.: (A) TEM images, evidencing the polycrystallinity of laser-generated AgNPs (right)
and AuNPs [85]. (B) Zetapotential of laser-generated AuNPs increases in value with increasing
pH of the surrounding medium [88], probably due to the (C) equilibrium between AuOH and
AuQO species at the NP surface.

2.4.4. Functionalization of laser-generated gold nanoparticles

Functionalization of laser-generated AuNPs can be achieved in situ or ex situ with re-
gard to NP synthesis. This means that the functionalization agent is either directly
added to the ablation medium prior to the laser process, thus enabling a simultaneous
NP generation and functionalization, or it is mixed with the NPs in a second synthesis
step. Due to its simplicity, the in situ approach is highly attractive and has thus been
intensively studied. However, instead of functionalization, the main objective was pre-
dominantly the control of particles size and size distribution or the improvement of par-
ticles stability with the consequent reduction of aggregation. A wide range of surfac-
tants have been investigated for this issue so far (Table 2.2). Exemplarily, it could be
shown that the addition of dodecanthiol to decane leads to the formation of stable gold
clusters with sizes smaller than those obtained in the corresponding pure liquid [84].
Obviously the added thiol, which is able to have strong dative bonds with gold, com-
petes with growth processes like nuclei coalescence and atomic diffusion by covering
the NPs surface. This observation is commonly termed size quenching effect.
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Table 2.2.: AuNP size obtained by laser ablation in the presence of stabilizing agents.

Solvent Stabilization agent Diameter Laserparameter* References
n-Decane Dodecanethiol 2-5nm 5 ns, 532 nm [84]
Water SDS 14.4 nm 5 ns, 1064 nm [90]
Water Cyclodextrins 2-2.4nm 110 fs, 800 nm [91]
Water Dextrane 1-15 nm 110 fs, 800 nm [82]
Water PAMAM G5 3 nm 20 ps, 532 nm [92]
Water PAMAM G5 7 nm 25 ps, 1064 nm [92]

*pulse duration, wavelength, Fluence (F)

A second example is sodium dodecyl sulfate (SDS), which revealed as an excellent
ligand for the size control and long time stabilization of AuNPs, obtained by laser abla-
tion in water [90]. Mafuné et al. assumed that the electrostatic adsorption of the anionic
surfactant is mediated by Na* ions. In contrast, cationic surfactants seemed to be inap-
propriate for AuNP stabilization, screening negative AuO™ charges with consequent
particle aggregation [89].

Besides the in situ stabilization of AuNPs, their functionalization for further application
in life science plays a minor role in literature so far [93]. Just very recently in 2009, la-
ser-generated dextrane-coated AuNPs were proposed for biosensing of lectins [82] and
another study addressed the cellular internalization of laser-generated AuNPs, conju-
gated to a thermosensitive polymer in an ex situ process [94]. This low number of re-
ports is remarkable because authors in the field of NP formation often claim the high
purity of resulting colloids as especially promising for applications in life sciences. One
could hence assume that the unexplored laser pyrolysis, which could virtually affect
biocompatibility and activity, is still a major limit for further application of in situ func-
tionalized gold nanoparticles. It is furthermore remarkable that the in situ functionaliza-
tion of laser-generated AuNPs has never been applied for the bioconjugation of NAs or
proteins so far, although high conjugation efficiencies due to the uncoated nanopatrticle
surface might be estimated.
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3. Toxicity and cellular uptake of laser-generated gold

nanoparticles

The comprehensive understanding of toxicity and cellular uptake of AuNPs is crucial for
their successful biological application. Many studies, performed with chemically derived
AuNPs, evidence that both properties are significantly influenced by the NP size, shape
and surface. As AuNPs, obtained by laser ablation in water, are characterized by a
unique surface chemistry not reproducible by any other method, they might also have
unique characteristics with regard to biocompatibility and cellular uptake. One main
structural difference of laser-generated AuNPs is their ligand-free, positively charged
surface, which is partly associated with hydroxyl and deprotonated hydroxyl groups in
dependence of the pH of the surrounding medium (chapter 2.4.3). Molecules with elec-
tron donor moieties are hence significantly attracted to the positively charged AuNPs
surface. For example, unmodified ssO were found to adsorb easily onto laser-
generated NPs, while the adsorption onto AuNP derived by the Turkevich method, was
less dominant, although the zetapotential of the bare NPs was comparable (Figure
3.1).
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Figure 3.1.: (A) Zetapotential of laser-generated and chemically derived AuNPs (Strem Chemi-
cals, Inc). (B) UV-spectra of remaining ssO after 1 hour of AuNP co-incubation and
sedimentation of NPs by centrifugation. The difference at 260 nm compared to the value before
NP addition is due to the binding of ssO to NPs and their resulting co-sedimentation.
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These findings raised the concern that such a binding to AuUNPs might occur uninten-
tionally during each biological application, possibly provoking a strong effect on the
biofunctionality of involved biomolecules. In this context, the first comprehended paper
(chapter 3.1) deals with the co-incubation of laser-generated AuNPs with a DNA plas-
mid, encoding the recombinant eGFP-HMGB1 fusion protein, prior to cellular transfec-
tion. This sensitive model was chosen, as successful functional transfection events
require non-hindered cellular transfection, plasmid functionality and protein synthesis.
Additionally, the HMGB1 protein is a transcription factor, which strongly binds to nuc-
lear DNA; thus any effect on the bioactivity of the synthesized protein can be also de-
tected. We observed no adverse effect due to NP co-incubation, but nearly a sixfold
enhanced transfection efficiency, when applying AuNPs of hydrodynamic diameter be-
tween 24 and 59 nm, became obvious.

The second article (chapter 3.2) deals with the cellular internalization, the intracellular
fate and the cytotoxicity of laser-generated AuNPs on bovine endothelial cells. Cellular
uptake was followed by laser scanning confocal microscopy (LSCM), revealing a time-
dependent uptake up to 48 h of co-incubation, as it has been observed for chemically
derived NPs before (chapter 2.1.2). But interestingly, no co-localization of AUNPs with
endosome or lysosome marker was detected. Additionally co-incubation at 4°C did not
inhibit AUNP uptake. These results make it highly unlikely that the AuNPs entered the
cells via the endocytic pathway. A more probable explanation is a translocation across
cellular membranes via diffusion. Regarding cell viability, several aspects have been
examined, including microscopic assessment of cell morphology, flow cytometric mea-
surement of membrane integrity, and immunohistochemical evaluation of DNA strand
breaks. No detrimental effect after a co-incubation period of up to 96 h on the overall
cell population was detected. However, a cell proliferation trial, working with a ten times
lower cell number, picked up cytotoxic effects of the laser-generated AuNPs at the
same concentration of 50 uM gold. At this concentration, 6x10° AuNPs are theoretically
available for each cell. It has to be mentioned, that this number more than exceeds the
amount needed for the marking of cellular features, as LSCM was shown to enable the
detection of 60 - 80 nanometer-sized AuNPs down to single particle level (Figure 3.2,
own paper not included in the thesis [1]). Hence, aggregates of 16 AuNPs with a size of
15 nm should also be visualizable. We assume, that this defined size-dependent opti-
cal detection limit of spherical AuNPs could be used for a status-dependent visualiza-
tion of AuNPs with important implications for bioanalytical applications.
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Figure 3.2.: (A) Representative LSCM image of bovine endothelial cells after 48 h incubation
with 50 pM 60-80 nanometer-sized AuNPs (image size 115.2 x 115.2 x 10.4 um). AuNPs are
visualized as overlay of reflection after 543 nm excitation and luminescence after 543 nm and
633 nm excitation. (B) The number of AuNPs per cell, counted under the confocal microscope,
correlates well with the number, calculated via gold quantification by inductive coupled plasma
mass spectrometry. Single nanoparticles down to a size of 60 nm are quantitatively visualizable
by confocal microscopy. (Own paper not included in the thesis [1])

In conclusion, despite their highly reactive surface, laser-generated AuNPs show no
adverse effects on the biofunctionality of eGFP-C1-HMGB1 expression plasmid and
the synthesized fusion protein and on cell viability of bovine endothelial cells at concen-
trations of 250 ng Au/pg plasmid and 3x10° NPs/cell respectively. Although a generali-
zation is not possible, we assume these findings as representative and conclude that
ligand-free laser-generated AuNPs are non-toxic at given concentrations. Moreover,
the ligand-free surface seems to induce a non-endosomal cellular internalization, which
might be especially interesting for biomedical applications, based on the interaction
with compartments in the cytoplasm.
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Abstract

Ultrashort-pulsed laser ablation in liquids represents a powerful tool for the generation of pure gold
nanoparticles (Au-NPs) avoiding chemical precursors and thereby making them especially interesting
for biomedical applications. However, because of their electron accepting properties, laser-generated
Au-NPs might affect biochemical properties of biomolecules, which often adsorb onto the nanopar-
ticles. We investigated possible effects of such laser-generated Au-NPs on biological functionality of
DNA molecules. We tested four differently sized positively charged Au-NPs by incubating them with
recombinant eGFP-C1-HMGB1 DNA expression plasmids that code for eGFP fusion proteins and
contain the canine architectural transcription factor HMGB1. We were able to show that successfully
transfected mammalian cells are still able to synthesize and process the fusion proteins. Our obser-
vations revealed that incubation of Au-NP with the plasmid DNA encoding the recombinant canine
HMGB1 neither prevented the mediated uptake of the vector through the plasma membrane in pres-
ence of a transfection reagent nor had any effect on the transport of the synthesized fusion proteins
to the nuclei. Biological activity of the recombinant GFP-HMGB1 fusion protein appears to have not
been affected either, as a strong characteristic protein accumulation in the nucleus could be ob-
served. We also discovered that transfection efficiencies depend on the size of Au-NP. In conclusion,
our data indicate that laser-generated Au-NPs present a good alternative to chemically synthesized

nanoparticles for use in biomedical applications.

Findings

Gold nanoparticles (Au-NPs) are used widely for
various biomedical applications including cell
imaging [1], diagnostics [2], targeted drug deli-
very [3], and sensing [4]. Various methods have
been established for Au-NP generation. Many of
these rely on several chemical reactions or gas
pyrolysis, showing the risk of impurities or ag-
glomeration [5]. Laser ablation in liquids showed
to be a powerful tool with many advantages,
having almost no restriction in the choice of
source material and the ability of yielding highly
pure colloidal particles [6-11]. These pure Au-
NPs are characterized by their unique surface
chemistry free of surfactants, a feature unattain-
able by other methods [12-14]. X-ray photoelec-
tron spectroscopy of such Au-NPs revealed the
presence of the oxidation states Aurand Au* at
the Au-NP surface [13]. In previous studies we
demonstrated that unmodified DNA oligonucleo-
tides adsorb easily onto these positively charged
nanoparticles [15,16], probably via amino- and
keto-groups, which interact with the electron
accepting surface of the generated Au-NPs.
However, these findings raised the possibility
that more complex biomolecules could also be
attracted and bound to such nanoparticles' sur-
faces, if incubated intentionally or unintentionally
with colloidal laser-generated gold nanoparticles,
even if no additional conjugation is envisaged.
Such binding could have a strong effect on the
properties of biomolecules and should be cha-

racterized with a view of their potential toxicity
[17]. We therefore decided to analyze the possi-
ble effects of laser-generated Au-NPs on DNA
functionality. For this reason we incubated the
charged particles with recombinant eGFP-C1-
HMGB1 expression plasmids and subsequently
transfected them into mammalian cells. As the
HMGB1 protein is normally highly abundant in
the cell nuclei, we were able to show that the
treated expression plasmids are still functional
and suitable for use as transcription matrix, be-
cause the transfected cells were still able to
synthesize the fusion proteins, to process them,
and to transport them to their biofunctional des-
tination. The effect of four differently sized nano-
particles on the activity of the eGFP-C1-HMGB1
plasmid was investigated by fluorescence micro-
scopy. We additionally performed a binding
assay to investigate structural effects on the
plasmid due to Au-NP co-incubation.
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Figure 1.: Size distribution and surface charge of laser-generated gold nanoparticles. Gold nanoparticles were
generated by laser ablation in water using a femtosecond laser system (Spitfire Pro, Spectra-Physics) delivering 120 fs
laser pulses at a wavelength of 800 nm (working pulse energy: 200 pd per pulse, beam diameter: 4 mm). In order to
generate four suspensions containing differently sized nanoparticles, the focal position was lowered from one genera-
tion experiment to the other (0 mm, -2 mm, -4 mm relative to the focus in air) resulting in the colloidal suspensions
containing nanoparticles with mean hydrodynamic diameters of dh = 89 nm, dh = 5 nm and dh= 24 nm. For the genera-
tion of 14 nanometer-sized nanoparticles, laser ablation was carried out at a focal position of -4 mm and then reirra-
diated for 5 min at 1 mJ with an Nd-YLF laser system (pulse length: 27 ns, 1047 nm, 5 kHz). The hydrodynamic size

distribution was analyzed by dynamic light scattering.

Nanoparticle generation

Au-NPs were generated by laser ablation in
water, as recently reported in detail [16]. Briefly,
the beam of a femtosecond laser system (Spit-
fire Pro, Spectra-Physics), delivering 120 fs laser
pulses at a wavelength of 800 nm, was focused
with a 40 mm lens on a 99.99 % pure gold target
placed at the bottom of a Petri dish filled with
2mL of ddH20. A pulse energy of 200 uJ at
5 kHz repetition rate was employed for 12 min.
According to observations of Kabashin et al. [9]
the focal position was lowered from one genera-
tion experiment to the other (0 mm, -2 mm,
-4 mm relative to the focus in air) in order to
obtain colloidal suspensions containing Au-NPs
with  mean hydrodynamic diameters  of
dh=89 nm, dh=59 nm, and dh=24 nm. The
remaining small particles were removed by cen-
trifugation at 15000 rpm for 10 min. To generate
14 nm Au-NPs, laser ablation was carried out at
a focal position of -4 mm, followed by a second
irradiation for 5min at 1 mJ with an Nd-YLF
laser system (pulse length: 27 ns, 1047 nm,
5 kHz), as was described recently [7, 18]. Cha-
racterization of nanoparticle suspensions was
performed by dynamic light scattering using a
Malvern Zetasizer and by UV-Vis spectroscopy
using a Shimadzu 1650. The hydrodynamic
number distributions and the average zeta po-
tential of the colloids are shown in Figure 1.

The zeta potential seems to be independent of
the nanoparticle size, which might be explained
by a similar surface charge density. The particle
mass concentration in the suspensions was
determined by weighing the sediment after water
evaporation.

Au-NP and eGFP-C1-HMGB1 vector in vitro
transfection assay

The synthesized Au-NP suspensions were steri-
lized by filtration through a 0.2 ym filter device
(Millex-GV Sterilizing Filter Unit, Millipore, Bille-
rica, USA). Subsequently, 250 ng of each diffe-
rently sized Au-NPs were incubated for 24 h at
room temperature with 1 pug of recombinant
plasmid eGFP-C1-HMGB1 in a total volume of
47 ul of ddH20. The time of co-incubation was
intentionally kept that long as we aimed to inves-
tigate possible effects on the vector due to na-
noparticle interferences. This was only possible
as the circular double-stranded plasmid is not
susceptible to rapid degenerative processes.
The recombinant plasmid encodes an eGFP-
HMGB1 fusion protein. The HMGB1 coding
sequence was derived from canine cDNA using
PCR amplification (primer pair
EcoR1_B15'CGGAATTCACCATGGGCAAAGG

AGA3'/.Kpnl_B1(5GCGGTACCTTATTCATCAT

CATC3)).
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Figure 2.: The effect of co-transfecting plasmid DNA and laser generated gold nanoparticles on the bioactivity
of GFP-HMGB1 fusion protein. Images A to | (vertical) show a 100 fold magnification and B to J (vertical) a 400 fold
magnification. Images A and B represent the positive control I: a transient transfection of MTH53a cells by Fugene HD
reagent with the eGFP-C1-HMGB1 plasmid without Au-NP incubation. Cells in images C to J are treated like control |
but include incubation of the plasmid with 14 nanometer-sized Au-NP (C and D), 24 -nanometer-sized Au-NP (E and F),
59 -nanometer-sized nanoparticles (G and H) and 89 -nanometer-sized Au-NP (I and J), respectively. Image K and L

represent the negative controls 1l and Ill. M and N are full color images of DAPI and GFP fluorescence.
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The obtained PCR products were separated on
a 1.5 % agarose gel, recovered with QIAquick
Gel Extraction Kit (QIAGEN, Hilden, Germany),
cloned into the pEGFP-C1 vector plasmid (BD
Bioscience Clontech), and sequenced. Twelve
hours prior to transfection, 3x10°cells from ca-
nine mammary cell line MTH53a were seeded
into 12 multi well plates. The cells were grown at
37°C and 5 % CO2 in medium 199 (Invitrogen,
Karlsruhe, Germany) supplemented with 20 %
FCS, penicillin, and streptomycin. For transfec-
tion, 3 pl aliquots of Fugene HD (FHD) reagent
(Roche, Mannheim, Germany) were added to
47yl of different Au-NP/eGFP-C1-HMGB1
plasmid suspensions in a total volume of 50 pl
and incubated for 15 min. The three control
sample sets were: (i) 1 ug of eGFP-C1-HMGB1
DNA without nanoparticles, (ii) 250 ng of Au-NPs
without any plasmid DNA, and (iii)) a set of Au-
NPs with DNA, but without the FHD. Following
15 min incubation at 23°C, the respective 50 pl
transfection mixtures were added to cell cul-
tures. The cells were incubated for 48 h in me-
dium 199 (20 % FCS) at 37°C and 5% COz2.
The uptake of plasmid DNA and expression of
the eGFP-C1-HMGB1 fusion protein were veri-
fied by fluorescence microscopy. All experiments
were performed in quadruples.

Fluorescence microscopy

Transfected cells were washed with PBS, fixed
in a 4% paraformaldehyde/PBS solution
(pH 7.5) for 30 min at room temperature and
washed again with PBS. Afterwards, the cells
were incubated with 10 pl of mounting medium
containing DAPI (4',6-diamidino-2-phenylindole)
for fluorescent visualization of nucleic DNA (Vec-
ta Laboratories, Burlingame, USA). Fluores-
cence microscopy was performed using the Carl
Zeiss Axioskop 2 and images were recorded
with the Axiovision Software. eGFP fluorescence
was measured employing wavelength filter set
10 (Carl Zeiss Microlmaging, Géttingen, Germa-
ny), while DAPI fluorescence was measured
employing wavelength filter set 2 (Figures 2 A to
2 M). Both fluorescence images were taken with
a Zeiss 2-channel Axiocam MRm camera. Both
images were then merged in a single image. Full
color images were taken with a Zeiss Axiocam
HRc (Figures 2 M and 2 N). The uptake of plas-
mid DNA (efficiency of transfection) was esti-
mated taking into account the quantity of cells
within an ocular's visual field. Thus the estima-
tion was done comparing the number of cells
showing green fluorescence protein expression
(green staining) and cells showing blue DAPI
fluorescence dye staining.

Co-transfection of plasmid DNA and laser-
generated gold nanoparticles

As the HMGB1 protein is a transcription factor, it
binds strongly to nuclear DNA. We therefore
may assume that cell nuclei containing strong
eGFP fluorescence represent successful func-
tional transfection events. All cells transfected

with  Au-NP-incubated plasmid DNA showed
strong colocalized eGFP and DAPI staining
(Figure 2), whilst the negative controls, cells
treated with Au-NP and FHD (Au-NP of
dr=24 nm), showed no eGFP fluorescence
(Figure 2 K). We therefore conclude that co-
incubation of Au-NP with the plasmid DNA en-
coding the recombinant canine HMGB1 neither
prevents the mediated uptake of the vector in
presence of a transfection reagent nor has any
visible effect on the transport and biological
functionality of the synthesized fusion proteins.
By comparing fluorescence images of the cells
co-incubated with the Au-NPs of different sizes
and to cells incubated without Au-NPs, we were
able to compare transfection efficiencies in each
case. We estimate that the achieved efficiency
of DNA transfection for the sample containing
14 nm Au-NPs was approximately 15%5 %
(Figures2 C and 2D). The highest observed
transfection efficiencies were achieved using
24nm and 59nm Au-NPs (50+5% and
50 + 10 % respectively, see Figures 2 E to 2 H).
Thus, the observed GFP fluorescence of the
respective fusion proteins was so intense that it
even leaked into the DAPI channel (Figures 2M
and 2N respectively for Au-NP of dh=59 nm).
Hence, Au-NPs show size-dependent effects
concerning the observed transfection efficiencies
(see Table 1). Further negative control samples
containing DNA-co-incubated Au-NPs missing
FHD, showed no recombinant protein expres-
sion, proving that our Au-NPs did not act as
transfection reagent themselves. (Figure 2 L).
The cell population seems to go along with
transfection efficiency, as the observed seeding
density was in all wells similar prior to transfec-
tion.

Table 1.: Summary of estimated transfection efficien-
cies. Differently sized Au-NPs were incubated with plas-
mid DNA and transfected into the canine MTH53a celline.

Size Estimatgd ]
Au-NP (dy) Transfection Figure 2
n Efficiency (%)

Positive controls 10+2 A and B
14 nm 15+5 Cand D

24 nm 505 E and F

59 nm 50+ 10 GandH

89 nm 813 land J
Negative controls - Kand L

Shift assay

We performed binding experiments with plasmid
DNA (eGFP-C1-HMGB1) and respective Au-
NPs of different sizes and with various concen-
trations. We digested the co-incubated batches
with a Ncol restriction enzyme (Fermentas,
St Leon Rot, Germany) and separated the re-
sulting DNA fragments in a 1.5 % agarose gel.
No significant shift alterations could be observed
in the DNA mobility pattern. To ensure that this
phenomenon is also valid in presence of pro-
teins we added purified HMGB1 protein (Centre
for Human Genetics, Bremen, Germany) to the
batches. Akin to the DNA mobility pattern of
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digested Plasmid DNA and HMGB1 without
Au-NPs (lane 2, Figure 3) we could not detect
any significant change in the shift pattern (see
lanes 3 to 12, Figure 3). Consequently the
DNA/Au-NPs complexes serve as substrates for
the DNA-bindig protein HMGB1.

Figure 3.: Au-NPs/DNA and HMGB1 protein mobility
shift assay. M: GeneRuler 1 kb Plus (Fermentas), lane 1:
170 ng plasmid (Ncol digested); lane 2: 170 ng plasmid
(Ncol digested) and 1.5 ug HMGBT1; lanes 3-6: 170 ng
plasmid (Ncol digested) and 1.5 ug HMGB1 in 0.1 nM,
0.5nM, 1.0nM and 2.5 nM Au-NPs suspensions, size
dn 24 nm; lane 7: 170 ng plasmid (Ncol) digested and
1.5ug HMGB1 and 90 ng pure Au suspension, size
dn 24 nm; lanes 8-11: 170 ng plasmid (Ncol digested) and
1.5 ug HMGB1 in 0.1 nM, 0.5 nM, 1.0 nM and 2.5 nM Au-
NPs suspensions, size d, 59 nm; lane 12: 170 ng plasmid
(Ncol) digested and 1.5 pg HMGB1 and 50 ng pure Au
suspension, size d, 59 nm.

Conclusion

In conclusion, incubation of uncoated, positively
charged Au-NPs with a DNA plasmid that en-
codes recombinant eGFP-C1-HMGB1 fusion
protein for 24 hours before cellular transfection
does not seem to alter the protein expression
and the protein functionality (DNA binding), while
the presence of Au-NPs seems to have a signifi-
cantly positive effect on the transfection efficien-
cies. The observed effect was size-dependent:
medium sized Au-NPs enhanced transfection
efficiency nearly 6 fold. These results support
the hypothesis that laser-generated Au-NPs
present a good alternative to chemically synthe-
sized nanoparticles and are especially suitable
for biomedical applications.
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Abstract

Gold nanoparticles (GNPs) have interesting optical properties, such as exceptionally high quantum yields
and virtually limitless photostability. Therefore, they show the potential for applications as biomarkers es-
pecially suitable for in vivo and long-term studies. The generation of GNPs using pulsed laser light rather
than chemical means provides nanoparticles, which are remarkably stable in a variety of media without the
need of stabilizing agents or ligands. This stabilization is achieved by partial oxidation of the gold surface
resulting in positively charged GNPs. However, little is known about cellular uptake of such ligand-free
nanoparticles, their intracellular fate, or cell viability after nanoparticle contact. The current work is aimed to
explore the response of a bovine cell line to GNP exposure mainly using laser scanning confocal micros-
copy (LSCM) supported by other techniques. Cultured bovine immortalized cells (GM7373) were co-
incubated with GNP (average diameter 15 nm, 50 uM Au) for 2, 24, and 48 h. The detection of GNP-
associated light scattering by the LSCM facilitated a clear distinction between GNP-containing cells and
the negative controls. After 48 h, 75 % of cells had visibly incorporated nanoparticles. No colocalization
was detected with either Rab5a or Lamp1-positive structures, i.e., endosomes or lysosomes, respectivley.
However, transmission electron microscope analysis of GNP-co-incubated cells indicated that the nano-
particles to be positioned within electron-dense structures. Co-incubation at 4°C did not inhibit nanoparticle
uptake, suggesting diffusion as possible entrance mechanism. Although the assessment of cell morpholo-
gy, membrane integrity, and apoptosis revealed no GNP-related loss of cell viability, a cytotoxic effect was
observed in a proliferation assay after exposing low cell numbers to 50 uM Au and above. In conclusion,
this study confirmed the cellular uptake of ligand-free gold nanoparticles during co-incubation apparently

without using endocytic pathways.

Introduction

The visualization and quantification of functional
and structural cellular aspects using fluoro-
chromes as biomarkers in conjunction with fluo-
rescence microscopy and flow cytometry has
become an indispensable asset for all life
sciences. Despite tremendous developments in
the field of fluorescent dyes, certain disadvan-
tages such as photobleaching have yet not been
overcome. In the last decade, a new generation
of biomarkers has emerged in the form of quan-
tum dots [1,2] and metal, especially gold nano-
particles (GNPs) [3,4]. Neither is limited by pho-
tobleaching anymore, offers a significantly high-
er quantum yield than conventional fluoro-
chromes and is easily conjugated with functional
molecules. Although quantum dots are detected
using their photoluminescence, which produces
red-shifted emission, the situation is different for
metal nanoparticles. Their emitted light is not
red-shifted, but has the same wavelength as the
light used for excitation, because it is merely
scattered by the nanoparticles. The light scatter-
ing is caused by the surface plasmon resonance
(SPR) of the nanoparticles, whereat a cloud of
free electrons on the surface of spherical nano-
particles oscillates in response to an electro-
magnetic field, which is created around them
upon light exposition [5]. In case of gold, the
maximum oscillation and, hence, the maximum
scattering can be achieved using a wavelength
of 520 nm. The light scattering illuminates the

particles so brightly that they become visible to
light microscopic detection systems, whose
resolution would usually be insufficient to pick up
particles that small. However, the SPR-caused
light scattering maximum is accompanied by an
absorption maximum at the same or a very simi-
lar wavelength [6]. Whether scattering or absorp-
tion prevails depends mainly on nanoparticle
size and shape [7]. This leads to the phenome-
non that single GNP with a diameter below
20 nm cannot be picked up anymore by light
microscopical means, because their SPR en-
hances only the absorption of light, but not the
scattering. The described optical properties of
metal nanoparticles make their application as
biomarkers a challenge, but also offer the oppor-
tunity of tuning the GNP exactly according to the
required needs. To perform in vivo labeling of
intracellular structures using nanoparticles, it is
necessary to understand their cellular uptake
and intracellular fate. Previous studies have
reported the internalization of chemically derived
gold nanoparticles into several cell lines within
48 h or less, presuming or proving an endoso-
matic localization for the incorporated particles
[8-11]. The latter raises the problem of trans-
porting the particles into the cytosol to gain
access to the location of interest. Another point
of considerable interest is the impact of GNPs
on cell viability. This is especially important con-
cerning long-term and in vivo studies, for which
they are particularly suitable due to their resis-
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tance to photobleaching and their very high
photon efficiency and therefore low excitation
power. Although the potential of quantum dots to
be harmful has been rather controversially dis-
cussed [12,13], the effect of metal nanoparticles
differs greatly depending on the metal used for
their generation. In case of gold, evidence for
toxicity is so far comparatively low [14]. A severe
increase in cell death has only been observed in
particles of a diameter of 1.4 and 1.2 nm, which
can be regarded as gold atom clusters rather
than nanoparticles [15]. However, a low-level
toxicity was reported in several cell lines after
using nanoparticles of various sizes and in dif-
ferent concentrations [9,10,16]. Most toxicity
studies as yet have used chemically generated
GNPs, which need a surface coating to avoid
aggregation or are conjugated to ligands like
residual reduction agents and additives. There-
fore, it remains unclear whether the noted toxici-
ty, if any, is due to remnants of the chemical
agent used for their generation or to the surface
coating or indeed to the nanopatrticles. The study
at hand was designed to investigate the suitabili-
ty of gold nanoparticles produced by laser abla-
tion [17] as biomarkers because they show sev-
eral advantages. Compared with chemically
produced GNP, laser ablation creates particles,
which remain stable in solution without the need
for surface coating [18]. Their potential to be
harmful might thus be significantly lower. Fur-
thermore, laser ablation in liquids allows via one-
step process the design of pure nanomarkers
consisting only of the nanopatrticle and the func-
tional molecular groups [19].
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Figure 1.: (A) Laser-based nanoparticle production;
(B) colloidal gold nanoparticle dispersions; (C) size distri-
bution of gold nanoparticles derived from laser ablation in
water, calculated from 500 nanoparticles observed in
TEM micrographs as depicted in the insert.

At first, GNPs were visualized by LSCM outside
a cellular system (“bare” GNPs) to facilitate the
development of appropriate detection parame-
ters. Subsequently, GNPs were co-incubated
with the cells of a bovine-immortalized cell line to
study the optical behavior of the laser-generated
GNPs once they are cell-associated and to ex-
amine their cellular uptake, intracellular fate, and

impact on cell viability. TEM, fluorescence acti-
vated cell sorting (FACS) analyses as well as
immunohistochemical and colorimetric assays
were used to corroborate the results obtained by
the LSCM-studies.

Materials and methods

Generation and characterization of gold na-
noparticles

The applied laser-based approach to nanopar-
ticles consists in the ablation of a target in liquid
media by intense laser radiation, leading to an
ejection of its constituent and the formation of a
colloidal nanoparticle solution [20,21]. In the
study at hand, GNP were generated using a
femtosecond laser system (Spitfire Pro, Spectra-
Physics) delivering 120 fs laser pulses at a wa-
velength of 800 nm (maximum energy: 400 pJ
per pulse, beam diameter: 4 mm), as recently
reported in detail [19]. The pulse energy was
fixed to 200 pJ at a repetition rate of 5 kHz. The
principle set-up is as follows: The laser beam
was focused on a 5x5 mm gold foil (99.99 %
purity), thoroughly cleaned and placed at the
bottom of a Petri dish filled with 4 ml bi-distilled
water (Figure 1 A). The plate was placed on an
axis-system that moved at a constant speed of
1 mm/s in a spiral with outer radius of 2 mm and
inner radius of 0.4 mm. Time of irradiation was
fixed to 12 min corresponding to three spirals.
The resulting colloid (Figure 1B) was characte-
rized by UV-Vis spectroscopy (Shimadzu 1650,
Shimadzu Europe GmbH, Duisburg, Germany)
and TEM (EM 10 C electron microscope, Zeiss,
Oberkochen, Germany). Five hundred nanopar-
ticles were counted for the determination of the
average Feret diameter (Figure 1 C). The GNP
concentration was estimated by weighing (Sarto-
rius M3P-000V001, Sartorius AG, Géttingen,
Germany) the gold foil three times before and
after laser ablation with an accuracy of 1 ug.

Preparation of GNP dispersions for LSCM-
analysis

For the analysis of laser-generated gold nano-
particles outside a cellular system 0.5 pl of the
GNP dispersion were pipetted onto a cushion of
5 ul silicon oil (Serva Electrophoresis GmbH,
Heidelberg, Germany) resting within a paper
reinforcement ring on a microscopic slide. A
cover slip was placed on top and sealed with
transparent nail varnish.

Cell culture and preparation

Cell culture. Cells used in the co-incubation
studies were derived from a bovine-immortalized
endothelial cell line (GM7373 [22], obtained from
the Cell Culture Collection, Institute of Infectolo-
gy, FLI, Insel Riems, Germany). To determine
the intracellular localization of the internalized
GNPs, colocalization trials were performed using
GM7373 cells transduced according to manufac-
turers instructions with Organelle Lights™ Rea-
gent (Invitrogen, Karlsruhe, Germany) for endo-
somes (Rab5a/enhanced green fluorescent
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Protein [eGFP]-construct) and lysosomes
(LAMP1/eGFP-construct). Thereby endosomes
and lysosomes were detected due to eGFP-
fluorescence without the need of further staining
[23,24]. Cells were generally grown in Dulbec-
co’s modified Eagle’s medium (PAA Laborato-
ries GmbH, Pasching, Austria) supplemented
with 10 % heat-inactivated fetal bovine serum
(Invitrogen, Karlsruhe, Germany) and 1 % peni-
cillin/streptomycin (PAA Laboratories GmbH,
Pasching, Austria). Except for the trials testing
for nanoparticle diffusion, which were carried out
at 4°C, incubation took place at 37°C in a humi-
dified 5 % CO:2 atmosphere. Most experiments
were carried out in 6-well-dishes (TPP AG, Tra-
sadingen, Switzerland). In experiments concern-
ing apoptosis and cell proliferation, 24-well
(Nunc A/S, Roskilde, Danmark) and 96-well-
dishes (Greiner bio-one GmbH, Frickenhausen,
Germany) were used, respectively. Cells were
seeded at a density 5x10° cell/ml. Only for proli-
feration studies, seeding density was lowered to
5x10*cells/ml as requested by manufacturers
instructions. For LSCM and FACS studies, cells
were detached after treatment using a trypsin-
EDTA solution (PAA Laboratories GmbH,
Pasching, Austria) and collected together with
their supernatants. Following trypsinization cells
intended for flow cytometry were used imme-
diately as described below or fixed for LSCM as
outlined in the following paragraphs. For TEM
studies as well as the apoptosis and cell prolife-
ration assay, cells remained in the dishes and
were treated as described below.

Cell preparation for LSCM-analysis. Cells
determined for evaluation at the LSCM were
resuspended after trypsinization in ice-cold Dul-
becco’s Phosphate-buffered Saline (PBS; Sig-
ma- Aldrich Chemie GmbH, Steinheim, Germa-
ny) containing 0.5 % paraformaldehyde (Merck
KGaA, Darmstadt, Germany) and fixed for 1 h at
4°C, then incubated in 0.5% Tween 20 (Karl
Roth GmbH&Co. KG, Karlsruhe, Germany) in
PBS for 15 min at 37°C and after a final wash
resuspended in 1 ml of PBS. Thus, the prepared
cells were mixed with 1:4 Vectashield (Vector
Laboratories Inc., Burlingame, USA) and
mounted on a slide within a paper reinforcement
ring, in order not to flatten the cells by the sub-
sequently placed cover slip, which was fixed
onto the slide with nail varnish.

Cell preparation for TEM analysis. For TEM
examinations, cultured cells were fixed to the
bottom of six-well-dishes by 2 ml of 2 % glutaral-
dehyde in PBS in which they remained at 4°C
until further processing. Thus, the fixed cells
were prepared for electron microscopy essen-
tially as previously described [25] with slight
modifications. Briefly, the cell culture was rinsed
in 0.1 M cacodylate buffer (pH 7.4), then post-
fixed in 1 % (v/v) osmium tetroxide, rinsed again
in cacodylate buffer, dehydrated with increasing
concentrations of ethanol, and subsequently
embedded in Epon. The prepared cell layer was

trimmed and processed for standard transmis-
sion ultrastructural examination.

GNP co-incubation assays. Co-incubation as-
says to determine nanoparticle penetration were
performed using GNPs in a final concentration of
50 uM Au. After seeding, cells were allowed to
attach and then exposed to the nanoparticles for
2, 24, and 48 h. Cells incubated in medium
alone for 48 h were used as controls. For trials
concerning GNP diffusion, exposure time was
chosen to be 6h in order not to exceed the
length of time cells remain viable at 4°C in a
non- COz-enriched atmosphere. All experiments
were carried out in duplicates and repeated five
times. To calculate the percentage of cells with
incorporated GNP, 100 cells/treatment group
were counted on LSCM-images taken as de-
scribed later.

Viability tests

All GNP co-incubation trials performed in order
to test for cell viability were repeated at least
three times.

Assessment of cellular morphology. Mor-
phology of the attached cells was judged subjec-
tively under an inverted cell culture microscope
(Leica DMIRB; Leica, Wetzlar, Germany)
equipped with a camera (Canon Powershot G5).
Assessment was carried out directly before and
after nanoparticle exposure (50 uM Au) for 2, 24,
48, and 96 h using a 200x magnification.

Flow cytometric determination of membrane
integrity. Treated cells (50 uM Au; 2, 24, 48,
and 96 h) and controls were collected imme-
diately after trypsinization as described earlier.
After diluting the cells in PBS to 0.5x10%ml,
propidium iodide (Invitrogen, Karlsruhe, Germa-
ny) was added to a final concentration of
22.5 M. Flow cytometric analysis was per-
formed using a FACScan (BD Bioscience, Hei-
delberg, Germany) equipped with an argon laser
(488 nm, 15 mW). Samples were always ana-
lyzed in duplicates acquiring 10,000 cells per
measurement.

Determination of membrane integrity using a
LSCM. To relate cell viability to their nanopar-
ticle content, membrane integrity was additional-
ly studied after 48 h GNP exposure (50 uM Au)
using the LSCM. For that purpose, the LIVE/
DEAD Fixable Far Red Dead Cell Stain Kit (Invi-
trogen, Karlsruhe, Germany) was chosen be-
cause it provided a fixable staining of mem-
brane-compromised cells to be visualized in a
spectrum easy to distinguish from the GNP light
scattering. The dye was used according to man-
ufacturer’s instructions. After staining cell prepa-
ration for the LSCM proceeded as described
above.
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Table 1.: Configuration for surface plasmon resonance detection of GNPs as well as eGFP and far red fluorescence

(LSM510; Carl Zeiss Microlmaging GmbH, Jena, Germany)

Laserwavelengths Main beam split-

Detection band

Detection channel Excited Labels

ter pass
488 488/543/633 505-530 3 eGFP
543 80/20 530-570 2 GNP
633 488/543/633 >650 1 LIVE/DEAD1 Fixa-
ble Far Red Dead
Cell Stain
633 488/543/633 488/543/633 Transmission Differential interfe-

rence contrast
(DIC)

Immunohistochemical  determination  of
apoptosis. For the detection of apoptosis, the
TUNEL (terminal deoxynucleotidyl transferase
mediated dUTP nick end-labeling) technique,
which focuses on visualizing the cleavage of
DNA typical for apoptotic cells, was applied
using the In Situ Cell Death Detection Kit, POD
(Roche, Penzberg, Germany). The test was
performed according to manufacturer’s instruc-
tion.

Additionally, to a treatment group (50 uM Au,
96 h) and a mediumalone control group, a nega-
tive and positive control group were run, where
DNA strand breaks were artificially introduced by
pretreatment with DNase | (50 U/ml; Epicentre
Biotechnologies, Madison, USA) for 10 min at
room temperature. After DNase incubation, posi-
tive controls were exposed to the complete TU-
NEL reaction mixture, while negative controls
were incubated in labeling solution in the ab-
sence of the enzyme terminal transferase. For
evaluation, cells were observed at
400x magnification using the same equipment
as described earlier for the assessment of cell
morphology.

Colorimetric determination of cell prolifera-
tion. Cell proliferation after treatment with gold
nanoparticles was investigated using the Pro-
moKine Cell Viability Kit Ill, XTT (PromoCell
GmbH, Heidelberg, Germany), which assesses
the conversion of the tetrazolium salt XTT into
colored formazan compounds by viable cells,
i.e., indirectly measures cell numbers. The tests
were carried out as recommended by the manu-
facturer. After 24 h of co-incubation with varying
amounts of nanoparticles (1.25, 2.5, 5, 10, 25,
50, and 100 pM), cells were subsequently incu-
bated for another 4 h with the reaction solution.
Afterwards, the absorbance of the samples was
measured with a spectrophotometer (Tecan
Spectra Il; Tecan Group Ltd., Maennedorf, Swit-
zerland) at 450 nm.

Imaging

Laser scanning confocal microscopy. Light
microscopical visualization had been performed
using an Axioplan 200 and a confocal imaging
system LSM510 (Carl Zeiss Microlmaging
GmbH, Jena, Germany) within the spectrum of
visible light. A Helium-Neon-Green laser of
543 nm was used to excite the surface plasmon

resonance of the gold nanoparticles in disper-
sion and in cultured bovine cells. Fluorescence
of eGFP was excited with an Argon laser at
488 nm, and the Fixable Far Red Stain was
visualized after excitation at 633 nm with a He-
lium-Neon-Red laser. Visualization of the light
scattering for each of the excitation wavelengths
was recorded in multitracking mode using sepa-
rate detection channels. Complete configura-
tions are summarized in Table 1.

Transmission electron microscopy. Ultrathin
sections were stained with uranylacetate and
lead citrate and examined with an EM 10 C elec-
tron microscope (Carl Zeiss AG, Oberkochen,
Germany).

Statistics

All statistical analyses were carried out with the
program SigmaStat (Version 3.0, StatCon, Wit-
zenhausen, Germany). The proportion of GNP
positive cells after 2, 24, and 48 h of incubation
were tested by ANOVA and Holm-Sidak all pair-
wise significance test (P<0.05). The results of
the flow cytometric studies for the determination
of toxic effects were analyzed using ANOVA and
the Bonferroni test.

Results

Visualization of ““bare’’ gold nanoparticles by
LSCM

Before the characterization of the GNPs in cellu-
lar environment, gold nanoparticles were inves-
tigated in dispersion. Figure 2 shows representa-
tive laser scanning microscope images taken of
a volume of about 10 pl (31.3 x 31.3 x 10.21 pm)
containing colloidal GNPs (250 uM Au) dis-
persed in deionized water using the configura-
tions as described in Table 1. The SPR was
excited at a wavelength of 543 nm. Repeated
examination of single slides even after long-term
exposure to light did not detect any sign of pho-
tobleaching.

Cellular uptake and subcellular localization
of gold nanopatrticles as visualized by LSCM

The configurations of LSCM as determined us-
ing the “bare” gold nanoparticles facilitated a
clear distinction between GNP-containing co-
incubated cells and the negative controls (Fig-
ures 3 A-D).
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Figure 2.: Representative laser scanning microscope
image (3D projection of the optical stack) of colloidal
GNPs (250 uM Au, particles size as described in Fig-
ure 1) dispersed in deionized water. GNPs appear in red
(channel 2, Table 1).

It also confirmed that the GNPs were positioned
intracellular and not cell membrane-associated.
Cells incorporated the GNPs in a time depen-
dent manner (Figure 3 E). After an incubation
period of 2, 24, and 48h 44.1+6.4%,
59.9 +5.6% and 77.4 + 3.9 of cells proved to be
GNP positive, respectively. Colocalization stu-
dies using cells transduced with endosome and
lysosome eGFP-protein-marker constructs re-
vealed that signals derived from GNP did colo-
calize neither with Rab5a-positive endosomes
nor LAMP1-positive lysosomes (Figures 4 A and
B). Co-incubation trials of GM7373 cells with
GNPs at 4°C, where active uptake processes by
endocytotic pathways are diminished neverthe-
less showed a considerable amount of nanopar-
ticles inside the cells (Figure 4 B).

Cellular gold nanoparticle uptake and subcel-
lular localization as visualized by TEM

Gold nanoparticles were located in the cytosol
surrounded by lysosomal-like structures (Fig-
ure 5). The particles were observed singly (Fig-
ure 5 A) or in small cluster (Figure 5 B). In terms
of size, the observed nanoparticles varied be-
tween 5 and 70 nm (Figure 5 B), corresponding
to the initial GNP size (Figure 1).

Viability of cells after gold nanoparticle up-
take

Assessment of cellular morphology. Micros-
copic examination of treated cells did not indi-
cate any decrease in viability. Cell morphology
was not altered, compared with controls after up
to 96 h of nanoparticle exposure (Figure 6 A).
Flowcytometric determination of membrane
integrity. Loss of membrane integrity, an indica-
tor for cell death by necrosis, was determined
after exposing cells to GNP (50 uM Au) for 2, 24,
48, and 96 h. To quantify the percentage of cells
with an impaired outer membrane, the intracellu-
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Figure 3.: Representative laser scanning microscope
images of bovine endothelial cells (GM7373) (3D-
projections of 10 optical sections (1 um each)) after co-
incubation with GNPs (50 uM Au): (A) negative controls,
co-incubated for 48 h in medium; (B) 2 h; (C) 24 h; (D)
48 h of co-incubation with GNPs, respectively. GNPs
appear in red. An overlay of the differential interference
contrast (DIC) merged with the detection channel 2 is
shown (Table 1). The diagram indicates the time-
dependent uptake of GNPs. Values are means * standard
deviation (SD). Different letters represent significant
differences between the treatment groups (P<0.05).

lar uptake of propidium iodide was measured.
After 96 h of treatment, no significant increase of
Pl positive cells was detected compared with
controls (Table 2).

Determination of membrane integrity using a
LSCM. The staining of necrotic cells with the Far
Red Fluorescent Reactive Dye provided the
opportunity to image cellular GNP load in con-
junction with the integrity of the outer membrane
in one and the same cell (Figure 6 B). Confirm-
ing the results of the flow cytometric analysis,
the vast majority of cells did not indicate any loss
of membrane integrity, while the rare, membrane
damaged cells did not show a particular accu-
mulation of GNPs.
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Figure 4.: Representative laser scanning microscope images of bovine endothelial cells (GM7373) transduced with
endosome [Rab5a, (A)] and lysosome [LAMP1, (B)] eGFP-protein-marker constructs after co-incubation with GNPs
(50 uM Au) for 2 h (endosomes) or 48 h (lysosomes). (C) Wild type cells after co-incubation with GNPs (50 uM Au) for
6 h at 4°C. GNPs appear in red (channel 2), endosomes and lysosomes in green (channel 3; Table 1). The inserts

include additionally the overlay of the DIC.

Immunohistochemical determination  of
apoptosis. Apoptosis is a cellular program for
cell death, which may become activated under
adverse or harmful conditions. A hallmark of
apoptosis is massive fragmentation of nuclear
DNA, which can be assessed by the TUNEL
assay. Here, GM7373 cultures, exposed to GNP
(50 uM) for 96 h as well as the medium-alone
controls, showed rarely apoptotic cells (Fig-
ure 6 A), suggesting that the used GNP did not
activate apoptotic signaling pathways.

Colorimetric determination of cell prolifera-
tion. For the assessment of proliferation, cells
were seeded at low density and exposed to
nanoparticles during the logarithmic growth
phase. Both factors cause cells to be especially
sensitive toward cytotoxic compounds. In this
case, the cells showed a complete arrest in
growth if exposed to GNP in a concentration of
100 uM Au (Figure 6 C). Half of that dose still
led to a reduction of proliferation to 46 %. Micro-
scopic examination revealed that at both con-

centrations cells were rounded and had lost cell-
to-cell and cell-to-dish contact. However, a con-
centration of 25 pM Au and lower did not lead to
a detectable drop in proliferation or to a nonphy-
siological cell morphology.
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Flgure 5.: Representatlve transm|ssmn electron m|croscope images of bovine endothellal cells (GM7373) co- mcubated
with GNPs (50 pM Au) for 48 h (A—D) and negative controls (E, F). A, C, and E: 36300 magnification, in A and C with
squares pointing out the area depicted in B and D; B, D and F: 350,000 magnification, in case of B and D with arrows
pointing to GNPs (B, group of approximately 10 GNPs varying between 5 and 65 nm in size; C, single GNP) and inserts
depicting the area of interest in 3100,000 magnification. The pictures of negative controls (E, F) in two magnifications
where included, to show that a clear distinction between nanoparticles and artefacts was only possible in a magnifica-
tion of 350,000 and above.
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erted micro'scope image (3400 magnification) of bovine endothelial cells (GM7373) ex-

amined for apoptosis using the TUNEL assay after 96 h co-incubation with GNPs (50 uM Au). The nuclei show no de-
tectable amounts of DNA strand breaks. The cells display normal cell morphology and physiological growth patterns.
The insert depicts the positive control. B: Representative laser scanning microscope image of the cells depicted in A
after staining with a fixable dye for cells with damaged cell membranes. GNPs appear in red (channel 2), the stain
showing off the rare necrotic cells in blue (channel 1, Table 1). The DIC image was merged with the image from the
detection channels 1 and 2. C: Diagram displaying the results of the XTT proliferation assay as a percentage of living
cells (negative control= 100 %) against the GNP concentration on a logarithmic scale.

Discussion

The purpose of this study was to gain a better
understanding of the behavior of charged and
ligand-free, laser-generated gold nanoparticles
within a cellular environment using mainly laser
scanning confocal microscopy. This technique
proofed to be a suitable tool for the detection of
GNPs once the system had been adjusted to
detect the SPR-related light scattering of the
nanoparticles. The properties attributed to the
nanoparticles regarding their very high quantum
yield and utter resistance to photobleaching
were found to be highly valuable for light micros-
copic imaging. The cellular uptake of nanopar-
ticles as measured with the LSCM seemed to
increase steadily over time. It has to be consi-
dered that this statement can only be made for
nanoparticles larger 20 nm. According to litera-
ture, only these particles can be detected by
light microscopy, as in particles smaller than
20 nm the surface plasmon resonance mostly
enhances light absorption, instead of scattering
[7]. However, analysis of internalized GNP by
TEM, where detection does not depend on SPR-
caused light scattering, (Figure 4 B) displayed
the entire range of particles included in the co-
incubation trials (Figure 1 C). Concerning the
mechanisms of GNP uptake and their intracellu-
lar fate, previous studies varied in their findings.
Authors, who observed nanoparticles placed in
acidic organelles [10] or in vesicles [8] presumed
an endocytic pathway. In this study, LSCM anal-
ysis of GNP co-incubation trials using cells
transduced with constructs carrying
Rab5a/eGFP and LAMP1/eGFP revealed that
the intracellular nanoparticles did not colocalize
with the fluorescent protein-tagged organelles
(Figures 4 A and 4B). Rab5a is a protein typical
for early endosomes, while LAMP1 has been
reported to be one of the major components of
the lysosomal membrane. The results make it
therefore highly unlikely that the gold nanopar-
ticles entered the cells via the endocytic path-
way. These findings are supported by the results
of the co-incubation studies performed at 4°C.
The fact, that even at such a low temperature

sufficient nanoparticles permeate into the cells
within 6 h to be easily detected by LSCM (Figure
4 C) speaks strongly for simple diffusion as the
main entering mechanism. Interestingly, the
electron microscopic pictures indicated that the
majority of GNPs was located in lysosomal-like
structures (Figure 5). Possible explanations for
this finding might be that once the nanoparticles
have entered the cell, their property as electron
donor causes an accumulation of molecules
around them with electron acceptor moieties,
such as proteins, thus forming a structure, which
might appear like a lysosome.

Table 2.: Percentage of propidium iodide (Pl) positive
cells after different periods of GNP-co-incubation

Time of Percentage of Pl
Co-incubation(h) positive cells + SD
Negative control 6.3+1.5
2 6.1+1.8
24 6.7+1.5
48 6.5+0.8
96 5.6 +0.6

To investigate the impact of uncoated GNP on
cell viability several aspects have been ex-
amined: (i) microscopic assessment of cell mor-
phology, (ii) flow cytometric measurement of
Pl-uptake, and (iii) immunohistochemical evalua-
tion of DNA strand breaks. These methods al-
lowed the examination of large cell numbers and
showed no detrimental effect after a co-
incubation period of up to 96 h on the overall cell
population (Figure 6 A, Table 2). However, the
methods mentioned earlier did not permit to
distinguish between GNP-carrying and “empty”
cells. To correlate the nanoparticle load and cell
necrosis, GNP-co-incubated cells were stained
with a fixable viability dye and analyzed using
the LSCM. Compared to controls, no increase of
necrotic cells or an accumulation of GNPs in
these few dead cells could be found. Further-
more, a trial studying cell proliferation was car-
ried out. Interestingly, this test picked up cytotox-
ic effects of gold nanoparticles at a concentra-
tion of 50 pM Au, which showed no deleterious
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effect in the other experiments concerning cell
viability. The most possible reason for this find-
ing might be the difference in cell numbers be-
tween the tests. Proliferation tests are conven-
tionally performed with particularly low cell num-
bers, in this case only with a tenth of the cells
used in the other trials. Apparently, in order for
the GNPs to act cytotoxic either a very high
nanoparticle-to-cell ratio is required or the cells
need to be in a particularly vulnerable state,
which is the case, if they are highly diluted and
in a logarithmic growth phase. Interestingly, the
fact, that nanoparticle toxicity seems to depend
not only on the actual concentration of the com-
pound, but at least partially, also on the ratio of
particle number or, rather, active particle surface
to cells, has also been noted for nanoparticles
made from other materials [26]. This point
should also be observed in further studies. How-
ever, no toxic effects were observed at a gold
concentration of 25 uM and below, which means
that a theoretical ratio (calculated for an average
particle size of 15 nm with a weight of 34 ag) of
3x10° nanoparticles/cell did not show adverse
effects. In conclusion, ligand-free nanoparticles
produced by laser ablation seem promising can-
didates to become a new generation of biomar-
kers, which certainly seem superior to conven-
tional fluorochromes for in vivo studies. They are
readily detectable by light microscopy. Due to
their high quantum yield, even minute amounts
of GNP can be detected. The lack of photo-
bleaching allows long-term studies and easy
handling. They enter cells and cytoplasm readily
and apparently not via endocytic pathways, but a
passive mechanism. Bioconjugation simulta-
neously to laser ablation allows the easy design
of nanomarkers for target detection [19]. Finally,
cell viability only seems to be impaired at doses
likely to more than exceed the amounts needed
for the marking of cellular features. However,
due to the complexity and importance of the
matter, especially this last point warrants further
research.
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4, In situ bioconjugation of laser-generated gold nano-
particles with nucleic acids

The ligand-free surface of laser-generated AuNPs, whose influence on biocompatibility
and cellular uptake has been investigated in the previous chapter, might provide great
opportunities for a rapid and controlled particle functionalization, as detailed in chap-
ter 2.4.4. Functional molecules can be added to the ablation medium prior to the laser
process, allowing a simultaneous generation and conjugation of AuNPs. Ultrashort-
pulsed lasers represent a promising tool for this in situ conjugation, since the thermal
impact to both the ablated material (which releases the nanoparticles) and the liquid is
minimized. In this context, the following part comprehends three papers dealing with
the establishment and characterization of the in situ functionalization of AuNPs during
femtosecond laser ablation in liquids (fs LAL) with NAs as one important class of bio-
molecules. An aqueous solution of thiolated ssO (23 bases) was chosen as a first
model ablation medium. However, it has to be noted, that laser-generated AuNPs are
stable in aqueous solutions even in the absence of additives (chapter 2.4.3), while they
would agglomerate in most unpolar solvents. As consequence, changes in size and
optical properties as possible indicators for a successful conjugation are detected more
sensitively in alkane solutions compared to water. In order to determine these indica-
tors, we performed preliminary experiments of the in situ stabilization of AuNPs with
dodecanethiol (DDT) in n-hexane. In this respect, dynamic light scattering (DLS) mea-
surements were carried out to estimate differences in the size distribution of AuNPs
generated in different concentrations of DDT. Results reveal that the size and also the
dispersity of the distribution are significantly influenced, while especially the particle
diameter shows a reciprocal dependency on the DDT concentration (Figure 4.1). We
assume that this size quenching effect is one indicator of a successful NP functionali-

zation.

Furthermore, the optical properties are influenced by conjugation. While stabilized
(non-aggregated) AuNPs exhibit a sharp SPR around 520 nm, aggregated NPs show a
broadened band often shifted to longer wavelengths. In our preliminary tests, we ob-
served exactly this trend: with increasing DDT concentration the SPR maximum shifts
towards smaller wavelengths until it reaches a minimum at 3 mM (Figure 4.2). Thus, a
second indication of a successful conjugation was found.
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Figure 4.1.: (A) Hydrodynamic size distribution of AuNPs, obtained by laser ablation in 0.3 (In-
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the dso* value on the DDT concentration in the ablation medium. *The dsq value, measured by
DLS, describes the hydrodynamic diameter that is not exceeded by 50 % of the particles. (Con-
ference proceedings [8])
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Figure 4.2.: (A) UV-Vis spectra of AUNPs, generated in increasing DDT concentrations. (B) The
SPR of laser generated AuNPs is subject to a blue shift with increasing DDT concentrations in
the ablation medium. Red circles mark the DDT threshold concentration for AUNP stabilization
in hexane. (Conference proceedings [8])

The establishment of the in situ bioconjugation with ssO by fs LAL, presented in the
first paper in this assembly (chapter 4.1), confirms these findings. However, particularly
for the optical properties, the changes due to conjugation were less distinct probably
due to the better stabilization in water compared to hexane. Furthermore, a process
window with regard to the pyrolysis of ssO as result of interaction with the laser beam
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and to NP productivity was determined. We were thus able to synthesize 20 ug of ssO-
functionalized AuNPs in less than one minute without provoking degradation of the
ssO. Interestingly, nanoparticle productivity seemed to increase with the addition of
ssO in comparison to water and also to pure and DDT-containing n-hexane. Assuming
that the difference in the optical properties between pure and stabilizing agents con-
taining solutions is negligible, the ablation process itself should not be affected by the
ablation media. Therefore, the same amount of gold is supposed to be ablated in both
cases. Consequently, without ssO or DDT in solution, we assume that particles rede-
posit on the target’s surface after ablation, when reaching a stabilization limit. This as-
sumption is confirmed by SEM micrographs of a gold target after ablation (Figure 4.3).
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Figure 4.3.: (A) Dependence of nanoparticle productivity after 15 minutes of ablation on the
pulse energy in different ablation media and SEM micrographs of redeposits on gold target after
ablation at 200 pJ in aqueous media (B) without and (C) with ssO. (Own paper not included in
the thesis [5])

Additionally, higher productivities were observed in water compared to n-hexane, irres-
pective of whether additives are contained or not. For additive-free solutions this might
be explained by the electrostatic stabilization of AuNPs in water and for additive-
containing solutions, this difference is probably due to the presence of two stabilization
modes in water, resulting in electrosterically stabilized AuNPs. This double stabilization
proved to be essential for biomedical assays, as it helped to prevent the laser-
generated bioconjugates against aggregation in saline solutions, like physiological me-
dia.

The second paper (chapter 4.2) deals with the characterization of the conjugation effi-
ciency and the surface coverage of ssO per AuNP, obtained by the laser-based synte-
sis of bioconjugates in situ and ex situ, which we assume as a determining parameter
for the bioactivity of the bioconjugates. In comparison to conventional NP bioconjuga-
tion techniques as the ligand exchange method, five times higher maximal surface
coverage values were determined for both laser-based synthesis methods. However,
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the strength of the interaction of ssO with AuNPs seems to be higher during in situ con-
jugation, revealed by higher conjugation efficiencies in terms of the percentage of total
ssO conjugated to AuNPs. Interestingly, the surface coverage seemed to be tunable by
the ssO to AuNP ratio, allowing the fabrication of bioconjugates with varying degrees of
bioactivity. To conclude, laser ablation in liquids presents a prospective and efficient
preparation method, which we suppose as especially interesting for the conjugation of

precious biomolecules like vectors or aptamers.

In this context, the third paper (chapter 4.3) addresses the conjugation of a DNA apta-
mer directed against streptavidin as a model system. A size quenching, as reported
before for DDT and ssO addition to ablation medium, resulted in AuNPs with diameters
of approximately 9 nm exhibiting a high surface density of aptamers (approximately
86 pmol/cm?). While this seems to be nearly the half of the surface coverage obtained
with ssO (Figure 4.4), which might be due to the longer or different base sequence of
the aptamer, it is still more than the double generally reported in literature.
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Figure 4.4.: Surface coverage of ssO and aptamer on AuNPs, obtained by in situ bioconjugation
during laser ablation.

Moreover, an unlimited activity (approximately 100 %) of the immobilized aptamers was
demonstrated by three independent methods, including agglomeration-based assays
and solid-phase assays. To examine the general applicability of the in situ conjugation
of AuNPs with aptamers, the approach was transferred to an RNA aptamer directed
against prostate specific membrane antigen (PSMA). Successful detection of PSMA in
human prostate cancer tissue, utilizing tissue microarrays, evidences the activity of the
immobilized aptamer and confirms the universality of the laser-based bioconjugation of
AuNPs with NAs.
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Conjugation efficiency of laser-based bioconjugation of gold
nanoparticles with nucleic acids

Svea Petersen and Stephan Barcikowski
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Abstract

Ultrashort-pulsed laser ablation represents a powerful tool for the generation of pure gold nanopar-
ticles avoiding chemical precursors, reducing agents, and stabilizing ligands. The bare surface of the
charged nanoparticles makes them highly available for functionalization and as a result especially
interesting for biomedical applications. The functionalization with oligonucleotides is achievable si-
multaneously (in situ) or after (ex situ) nanoparticle generation by adding the conjugative agents to
the ablation media prior or after laser ablation, respectively. In order to obtain information on the
conjugation efficiency and resulting surface coverages, we applied two approaches modified from an
established fluorescence-based method for the quantification of oligonucleotides after displacement
from the surfaces of the gold nanoparticles. Surface saturation values up to 165 pmolcm™ were ob-
served for the in situ and ex situ laser-based conjugation. The observed conjugation efficiency in
terms of the percentage of total oligonucleotides conjugated to the gold nanoparticles is about four
times higher for the in situ conjugation. Nanopatrticles with well-defined diameters were already ob-
tained performing an in situ conjugation with an oligonucleotide to nanoparticle ratio of 20. At this
minimum required concentration, more than 90 % of added oligonucleotides are conjugated to the
surfaces of the nanoparticles, and a surface coverage of 29 pmolcm™, being in the range of reported
values in literature, was observed. In conclusion, the laser-based bioconjugation seems to be an
alternative approach to gold nanopatrticle bioconjugates with defined surface coverage. Additionally,

observed high conjugation efficiencies are especially interesting for precious biomolecules.

Introduction

Noble metal nanoparticles have attracted great
attention in the last decades as they show inter-
esting and versatile properties that differ from
their bulk material. Especially, gold nanoparticles
are of increasing interest for nanobiotechnology
because of their high acceptance level in living
systems [1] and the fact that they are fairly easily
conjugated with functional molecules. Oligonuc-
leotide-conjugated gold nanoparticles, for exam-
ple, show a wide spectrum of applications rang-
ing from biological sensors [2] to cell-targeting
vectors [3]. Because of this demand, a variety of
methods for gold nanoparticle preparation have
been established. Among these, the standard
synthesis method is based on the reduction of
Au(lll) in the presence of reducing agents such
as citrate [4] or sodium borohydride [5] and sta-
bilizing ligands. Alkylthiols are often used as
ligands in unpolar liquids such as toluene be-
cause the sulfur atom has a high affinity to the
gold surface being a soft Lewis acid [5]. As a
result, long carbon chains radiate from the sur-
face and particles are sterically prevented from
aggregation in solution. Stabilization in aqueous
systems, as demanded for biomedical applica-
tions, is often achieved by citrate anions forming
a charged layer around gold nanoparticles and
providing them with a repulsive force [6] The
functionalization with, for example, thiolated
oligonucleotides then involves a successive
ligand exchange, which might afford certain
reaction precautions as heating and buffering to
obtain satisfactory yields and surface coverages
[7]- To overcome the low bioconjugation yield,
Burt et al. described a chemical method where

the conjugative agent was directly added to the
reduction process [8]. But purification to remove
remaining precursors and/or reducing agents in
order to avoid biological toxicity is still necessary
[9]. An alternative method to obtain bioconju-
gated gold nanoparticles in a one-step process
without the need of chemical precursors and
reducing agents is laser ablation in liquids [10-
13]. This approach takes advantage of the as-
pect that laser-generated gold nanoparticles
possess a novel surface chemistry not reproduc-
ible by any other method [13-15]. X-ray photoe-
lectron spectroscopy of these gold nanoparticles
observed by Sylvestre et al. revealed the pres-
ence of the oxidation states Au* and Au®* be-
sides the metallic Au® due to partial oxidation in
aqueous media [14]. Because of this partial
oxidation, laser-generated gold nanopatrticles act
as electron acceptors; hence, they are easily
coordinated by molecules bearing electron donor
moieties as thiols or amines added to the abla-
tion media prior (in situ) or after (ex situ) the
laser process [14,16,17]. Thiolated and unmodi-
fied oligonucleotides could thus be conjugated to
gold nanoparticles simultaneously or following
their generation [10]. But to date, there is no
information available on the conjugation efficien-
cy of the laser-based bioconjugation with oligo-
nucleotides, which is a determining parameter
for the bioactivity of the modified nanoparticles
[18]. There are a number of techniques de-
scribed to investigate the surface coverage of
planar surfaces and spherical particles ranging
from microscopic approaches (e.g., AFM) [19]
over microbalances [20] to biochemical methods
(e.g., gel electrophoresis) [21]. Additionally, a
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fluorescence-based method for the quantification
of fluorochrome-labeled oligonucleotides after
displacement with mercaptoethanol from the
surfaces of the gold nanoparticles was intro-
duced by Mirkin et al. in 2000 [22]. In the present
study, we applied this method in a slightly mod-
ified version in order to evaluate a second ap-
proach applicable for non-labeled oligonucleo-
tides that is the measurement of the absorbance
of oligonucleotides contained in the supernatant
after centrifugation. The latter was then used not
only to investigate the conjugation efficiency of
the laser-based bioconjugation in terms of the
percentage of total oligonucleotides bound to the
surfaces of nanoparticles but also to evaluate
parameters that influence obtainable surface
coverages. Investigated parameters were on
one hand the concentration of the reactants
being oligonucleotides and nanoparticles and on
the other hand the way conjugation has been
achieved (in situ and ex situ). Additionally, the
footprint of laser-generated nanoparticle biocon-
jugates was discussed referring to literature
values.

Experimental methods

Chemicals

Chemicals were purchased from Fluka Chemie
AG (D-82024 Taufkirchen) and Sigma-Aldrich
Chemie GmbH (D-89555 Steinheim). Single-
stranded oligonucleotides with the sequence
5'cta-cct-gca-ctg-taa-gca-ctt-tig-3'  were  pur-
chased from Purimex (D-34393 Grebenstein)
with a C6-thiol 5' modification and for compari-
son without modification (HS-ssO, ssO). The
fluorescence labeling of thiolated ssO with
Alexa 488 or Cy5 at the free 3' terminus was
also established by Purimex (HSssO-Alexa 488,
HS-ssO-Cy5). The gold foil (thickness: 0.1 ym;
purity>99.99%) ablated by laser ablation was
received from Goodfellow GmbH (D-61213 Bad
Nauheim).

Preparation and characterization of gold
nanoparticles

Laser generation of gold nanoparticles was car-
ried out using a femtosecond laser system (Spit-
fire Pro, Spectra-Physics) delivering 120 fs laser
pulses at a wavelength of 800 nm (maximum
energy, 400 pd per pulse; beam diameter,
4 mm). The pulse energy and distance of a
40 mm lens to the surface of the target, referred
to as focal position, were fixed to 100 uyJ and
-2mm at a repetition rate of 5 kHz because of
previously performed degradation and stabiliza-
tion yield determinations [11]. The focus in air is
defined as the O focal position. A fluence of
0.35 Jcm™® was estimated by measuring a spot
diameter of 270 ym after 500 pulses on a gold
target under same experimental conditions. The
principle setup is described as follows: A
5x5 mm gold foil, thoroughly cleaned, was
placed on the bottom in a well of a 48 multiwell
plate, filled with 500 yL of double distilled
aqueous solution (ddH,O) of single stranded
oligonucleotides (0.0, 0.1, 0.25, 0.5, 1.0, 2.5,

5.0, and 7.5 uM). The well plate was then placed
on an axis system that moved at a constant
speed of 1 mms™ in a spiral with outer radius of
1 mm and inner radius of 0.4 mm. Time of irradi-
ation was fixed to 53 s (corresponding to one
spiral) in media containing oligonucleotides and
to 159 s (corresponding to three spirals) in wa-
ter, if not indicated differently. TEM was used to
determine the size distribution of resulting nano-
particles. At least 500 nanoparticles were sized
from TEM micrographs, which revealed three
significantly different size distributions in depen-
dence of the HS-ssO concentration (Figure S1 of
the Supporting Information A.2). One observes a
size quenching with increasing HS-ssO concen-
tration, which reaches its maximum at 0.5 yM
(Figure S2 of the Supporting Information A.2).
The average diameter of a typical particle prepa-
ration at HS-ssO concentrations higher than or
equal to 0.5 uM is 5.0 £ 1.3 nm. HS-ssO con-
centrations of 0.1 yM and 0.25 yM result in
slightly larger nanoparticles with an average
diameter of 5.7 £3.4 nm. No significant differ-
ence was observed in the size of nanoparticles
generated in 0.1 and 0.25 yM. Generation of
gold nanoparticles in water leads to the typical
broad distribution with an average Feret diame-
ter of 15.0 £ 10.3 nm as there is no competition
between growth and surface coating. Generated
nanoparticle mass was estimated by weighing
the gold foil three times prior and after ablation
on a Sartorius balance (precision: 1 ug). With
described laser parameters, average obtained
nanoparticle concentrations are 25 + 2 ugmL™ or
51 +2 ug mL™" in aqueous solutions of oligonuc-
leotides and water, respectively. Molar concen-
trations were calculated considering mass-
weighted distributions in order to account for
broader size distributions, which is especially
important for the generation in pure water. The
average particle size then shifts to larger diame-
ters: 5.3 nm for the generation in HS-ssO con-
centrations 2 0.5 yM and 7.0 nm for the genera-
tion in ssO concentrations <0.5 yM and 21.1 nm
for the generation in water. Number and mass-
weighted distributions are displayed in Figure S3
of the Supporting Information A.2. Assuming
spherical particles with a density equivalent to
that of bulk gold (19.30 gcm®), the average mo-
lar nanoparticle concentration is then 27 £ 2 nM
or 13 £ 2 nM for HS-ssO concentrations lower or
higher than 0.5 uM, respectively, and 1 nM for
unconjugated nanoparticles. Mass and molar
concentrations are measured and calculated for
each sample prior to surface coverage estima-
tion. For the ex situ conjugation of nanoparticles,
475 pL of aqueous nanoparticle dispersion were
incubated 24 h with 25 pyL of HS-ssO (final HS-
ssO concentration 0.1-7.5 yM).
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Figure 1.: Schematic description of the analytical process to determine the conjugation efficiency of the laser-based ex

situ and in situ conjugation.

Table 1.: Comparison of recoverages after displacement with DTT of fluorochromes and HS-ssO-(X) after ex situ and in

situ conjugation

wavelength [nm] € [M"cm"] recoverage after recoverage after

ex situ conjugation in situ conjugation
HS-ssO-X 260 184000 98 +2 98 +2
Alexa 488 496 70000 95 +1 90+3
Cy5 648 250000 96 + 1 68 + 1

Quantification of HS-ssO-X loaded on gold
nanoparticles

After 24 h of co-incubation of oligonucleotides
and nanoparticles, excess oligonucleotides were
removed by centrifugation of nanoparticle sus-
pensions for 30 min at 40000 g. The resulting
supernatant was stored for further analyses. In
the case of HS-ssO-Alexa 488 conjugation, the
red precipitate was then washed twice with
ddH,O by successive centrifugation and redis-
persion and then finally taken up in 200 yL of an
aqueous solution of 5 mM dithiothreitol (DTT).
After 18 h at room temperature with intermitting
shaking, the solutions containing the displaced
HS-ssO-Alexa 488 were separated from the gold
by a second centrifugation. Absorbance corres-
ponding to excess HS-ssO (260 nm) in the first
supernatant (Figure S6 of the Supporting Infor-
mation A.2) and absorbance at 496 nm corres-
ponding to displaced Alexa 488-labeled HS-ssO
(Figure S7 of the Supporting Information A.2) in
the second supernatant was recorded with a
Shimadzu 1650 UV-Vis spectrometer. Intensities
were converted to molar concentrations of ssO
by interpolation from a linear standard calibration
curve. Standard curves were prepared with
known concentrations of HS-ssO-X (Figure S5 of
the Supporting Information A.2). Finally, the
average number of ssO per particle was ob-
tained by dividing the measured HS-ssO-X mo-
lar concentration by the original nanoparticle
concentration. Normalized surface coverage

values were then calculated by dividing the es-
timated particle surface area (mean value of the
surface-weighted distribution; see Table S1 of
the Supporting Information A.2) in the nanopar-
ticle suspension.

Quantification of recoverage or degradation
of ssO after ligand exchange.

Twenty-five microliters of a 100 mM aqueous
DTT solution was added to 475 pL colloid after
ex situ and in situ conjugation with HS-ssO-X.
Following centrifugation after 18 h of ligand ex-
change, absorbance at 496 and 648 nm was
measured to estimate the concentration of dis-
placed Alexa 488 and Cy 5, respectively. Re-
corded intensities were corrected in order to
account for the DTT addition. Values after ex
situ conjugation correspond to the recoverage
after DTT displacement and after in situ conjuga-
tion to the sum of recoverage after DTT dis-
placement and degradation due to laser irradia-
tion.
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Figure 2.: Surface coverage after in situ conjugation of
gold nanoparticles with HS-ssO-Alexa 488 as a function
of ssO concentration determined by two methods: dis-
placement with DTT and excess ssO in the supernatant.
The latter were compared to HS-ssO modified nanopar-
ticles. Error bars represent the variation in surface cover-
age due to the measurement error during nanoparticle
mass determination. Insert: Linearization of the curves.

Results and discussion

Evaluation of measurement procedures and
recoverage of analytes

Two different procedures were applied for the
determination of the surface coverage and con-
jugation efficiencies: measurement of the absor-
bance of a fluorochrome labeled HS-ssO after
displacement with DTT (established method
from Mirkin et al. [22]) and measurement of the
absorbance at 260 nm of the supernatant con-
taining excess HS-ssO. While the latter should
be also applicable to non-labeled HS-ssO, the
first method just allows for the analysis of fluo-
rescence-labeled HS-ssO as the absorbance of
DTT interferes with the DNA-specific band at
260 nm. Measuring absorbance instead of fluo-
rescence should avoid possible interference in
the analysis because of quenching caused by
gold nanoparticles in proximity [23]. But as high
integrity of the fluorochrome (also after laser
irradiation) and complete desorption of all oligo-
nucleotides from the surface are requirements to
guarantee an accurate measurement, we pre-
viously investigated these properties for two
different fluorophore-labeled oligonucleotides:
Alexa 488 and Cy5 (HS-ssO-X). Criteria for the
choice of the fluorophores were their relatively
high extinction coefficients, excitation wave-
lengths between the center wavelength of the
laser beam (800 nm) and two photon process
(400 nm), and high photostabilities. Both fluo-
rochromes are well-recovered, but comparing
their photostability after laser irradiation respec-
tive of in situ conjugation, one observes that
Alexa 488 seems to be much more stable than
Cy5, which shows a degradation of up to 28 %
(32 % loss in recoverage after laser irradiation -
4 % loss without laser irradiation) (Table 1 and
Vis spectra in Figure S8 of the Supporting Infor-
mation A.2). The DNA recoverage, measured by
gel electrophoresis, is up to 100 % undergoing
laser irradiation or not, indicating that no degra-

dation is measurable. The recoverage of DNA
was independent of the labeled fluorophore,
which reveals that even the loss in recoverage of
the fluorophores is probably enhanced by light
exposition. In conclusion, DTT is an efficient
ligand for the displacement of ssO, while Alexa
488-labeled HS-ssO are more adequate for
analysis than Cy5 because of the lower degra-
dation of Alexa 488 during laser irradiation. Fur-
ther studies have been therefore committed with
Alexa 488-labeled ssO, while the determined
recoverage of the Alexa 488 after in situ conju-
gation has been considered for the estimation of
surface coverage.

Surface coverage and conjugation efficiency
by in situ conjugation

In the following, the two previously described
methods were applied for the evaluation of the
surface coverage of laser-generated gold nano-
particles with unlabeled and Alexa 488-labeled
oligonucleotides. Results are displayed as func-
tion of the HS-ssO concentration in the ablation
media prior to the laser process (in situ conjuga-
tion) in Figure 2. Error bars represent the varia-
tion in surface coverage due to the measure-
ment error during nanoparticle mass determina-
tion. Because this fact has an equal impact on
each of the three determination methods, error
bars were exclusively added for the indirect
determination of the surface coverage by re-
maining HS-ssO in the supernatant. No signifi-
cant difference in surface coverage was ob-
served between the indirect measurement via
the supernatant and displacement of the HS-
ssO-Alexa 488 from the surface. This observa-
tion is emphasized by the linearization of the
curve resulting in an identical slope and intercept
within experimental error. The fact that the ap-
proach via the supernatant was successful al-
lows for quantification of HS-ssO without the
need for further fluorescence labeling. The effect
of organic fluorophores linked to HS-ssO on
binding during laser ablation could thus be ex-
amined.

Again, no significant difference was detected
(Figure 2), which assumes that the attachment
of Alexa 488 to the free end of HS-ssO does not
influence the binding site and binding strength of
the HS-ssO on the nanoparticle. This finding
indicates that the adsorption of Alexa 488 to the
Au surface is much less probable than the for-
mation of thiol-Au bonds. The nanoparticle mass
concentration was kept at an average level of
25+ 2 uygmL' during these experiments by ap-
plying same laser parameters (F=0.35Jcm?,
t= 53 s). But nanoparticle size and as a conse-
quence the molar nanoparticle concentration is
dependent on the HS-ssO concentration. For
HS-ssO concentrations greater than or equal to
0.5 uM, the mass-weighted particle size is
5.3 nm, and the resulting molar nanoparticle
concentration is around 27 £2nM. For lower
concentrations, the ablation process resulted in
slightly larger nanoparticles (mass-weighted
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average diameter, 7.0 nm) due to less efficient
size quenching [11]. As a consequence, the
molar nanoparticle concentration for such
probes is around 13 nM. Plotting the surface
coverage as a function of the ratio of HSssO to
nanoparticles (NP) might therefore be more
appropriate than just the molar HS-ssO concen-
tration (Figure 3). This allows not only different
nanoparticle size distributions but also varying
nanoparticle concentrations to be taken into
account. As shown in Figure 2, an increase in
oligonucleotide concentration higher than 5 uM
does not cause higher surface coverages than
115 pmolcm™. In contrast, decreasing nanopar-
ticle concentrations down to 6 nM, obtained via
shorter irradiation times, results in a higher sur-
face coverage of up to 146 pmolcm? at a con-
stant HS-ssO concentration of 5 uM (Figure 3).
In conclusion, besides the concentration of HS-
ssO, the obtained surface coverage might be
also influenced by the nanoparticle concentra-
tion present during conjugation. Data points
below 200 HS-ssO per nanoparticle were not
recorded for a fixed ssO concentration of 5 uM.
These experiments would afford an increase in
nanoparticle concentration, demanding longer
ablation times and higher fluences, etc., provok-
ing a possible degradation of oligonucleotides
[11]. The determined surface coverage values
as a function of the HS-ssO:NP ratio were fitted
to the following equation (Egn. 1) in which N is
the surface coverage of HS-ssO, N is the sur-
face saturation, and K corresponds to the
ssO:NP ratio that is required to obtain one-half
of Ngat.

_ N, *[ssO: NP]
K +[ssO: NP]

(Egn.1)

The fit gives the values of 164.2 + 6.9 pmol cm™
for Ngy and 74.8 £ 11.8 ssO per NP for K (Fig-
ure 3). The observation of surface saturation
allows us to assume that HS-ssO forms a mono-
layer on the surface of gold nanoparticles, which
is in accordance with literature data for gold
surfaces functionalized with thiols [5]. The con-
jugation efficiency of the in situ process has
been estimated by the percentage of the total
HS-ssO bound to the gold nanoparticles, always
taking in account that unbound HSssO could be
possibly reused after centrifugation for further
conjugation experiments. Low HS-ssO:NP ratios
of up to 40 seem to enable conjugation efficien-
cies of more than 90 % (Figure 3). Here, the
binding seems to be limited by the amount of
present HS-ssO in the ablation media. At higher
ratios, the percentage of bound HS-ssO de-
creases rapidly due to beginning saturation of
the nanoparticle surfaces. Interestingly the
HSssO:NP ratio (~200) where surface saturation
starts, is higher than the observed ratio required
for the preparation of colloidal stable and size-
quenched laser-generated gold nanoparticles,
being around 20 HS-ssO:NP (0.5 uM ssO) [11].
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Just one-fifth of the surface saturation value
seems to be required for efficient size quench-
ing, which can be obtained with a conjugation
efficiency of up to 90 %.

In situ versus ex situ conjugation

To account for the difference between in situ and
ex situ conjugation with HSssO, we compared
the surface coverage analysis data (Figure 4),
while we should bear in mind that additional ex
situ conjugation might occur during incubation
after the in situ conjugation process. Obtained
Kvalues are 742+11.8 and 3311.3%
877.0 ssO per NP for in situ and ex situ conjuga-
tion, respectively, while calculated surface satu-
ration values are statistically equal (in situ:
164.2 +6.9 pmolcm®;  ex  situ:  163.5%
17.9 pmolcm®). The K value represents the
ratio, which is required to reach half of the sur-
face saturation (82 pmolcm™®, corresponding to
41 or 493 ssO per NP). As a result, half of the
surface saturation can be reached with 55 %
conjugation efficiency by in situ conjugation
(Figure 3), which decreases down to 15 % by ex
situ conjugation (Figure S9 of the Supporting
Information A.2).
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Figure 5.: Regimes of surface coverages obtained by in situ and ex situ conjugation during laser ablation compared to
literature values [BSA conjugation [17], (Au*/Au®) [26], ligand exchange (13 nm [27], 15.3 nm [22])].

Additionally, because of the different size distri-
bution of nanoparticles and a possible activation
of HS-ssO due to laser irradiation (which we
could not observe by FTIR), we assume that the
ablation process might cause a certain impact
on the binding activity. We suppose that biocon-
jugation takes place in the millisecond to second
regime after the collapse of the cavitation bub-
ble. For nanosecond laser ablation, this bubble
is formed on the target in a time scale of a few
hundreds of microseconds due to local heating
of the solvent in the vicinity of the ablated spot
[24]. Activity of nanoparticles (surface activity,
kinetic energy, etc.) at the time of conjugation
might be therefore different in the two processes
with different time intervals after primary nano-
particle formation, possibly leading to enhanced
binding of oligonucleotides during in situ conju-
gation. While size quenching during in situ con-
jugation has been already discussed, after ex
situ conjugation no difference is observed in the
Feret diameter distribution of the gold nanopar-
ticles. A look at the hydrodynamic size distribu-
tion reveals a slight increase of 2 nm due to the
increased solvatisation shell of charged HS-ssO
(Figure S10 of the Supporting Information A.2).

Footprint of HS-ssO-conjugated gold nano-
particles

The calculated surface  saturation  of
164.2 + 6.9 pmolcm™® implies that HS-ssO is
binding to the gold surface by an end-on me-
chanism. Assuming that ssO has a hydrodynam-
ic diameter of 1.2 nm and total length of 7.6 nm
[25], the binding in an end-on mechanism would
be 147 pmolcm®, where as the binding by a
side-on mechanism would reach 18 pmolcm™ for
uncoiled HS-ssO. The maximum surface cover-
age of 146 pmolcm™, reached by in situ conjuga-
tion, coincidates well with this maximal binding in
an end-on mechanism, while the calculated
surface saturation is about 10 % higher. This
might be due to the addition of the C6 chain on

the thiol modification lowering the hydrodynamic
diameter of the anchoring site and allowing for
higher surface coverage values. It is known that
thiols interact with oxidized and not oxidized gold
atoms. We found, that our calculated surface
saturation is comparable to the amount of
charged Au™ and Au®" atoms on the surface of
laser-generated gold nanoparticles (Figure 5).
Mafuné et al. described the attachment of the
cationic surfactant cetyltrimethyl ammonium
bromide to 11 nanometer-sized laser-generated
gold nanoparticles, which led to the blocking of
negatively charged Au-O species at the surface
and destabilization of the colloid [26]. Taking
advantage of this electrostatic interaction, they
estimated that 170 to 330 surface atoms are
oxidized, which is equal to 74-144 pmol (Au® and
Au**) per cm?, assuming spherical gold clusters
with 11 nm in diameter. Our maximal observed
surface coverage values are in this range. How-
ever, at the same time, they coincide with the
maximal binding in an end-on mechanism.
Therefore, it is not evident whether oligonucleo-
tides bind to oxidized gold atoms or not.

As we conjugated unmodified ssO under the
same experimental conditions, we observed only
half of the surface coverage compared to thi-
olated ssO (Figure 5). This difference is likely
due to a nonspecific conjugation mechanism in
the case of unmodified ssO. Comparing the
conjugation efficiency of the laser-based biocon-
jugation with the standard techniques mostly
involving ligand exchange, one observes an
increase in surface coverage by a factor up to
five (Figure 5) [22,27]. Although, it must be men-
tioned that sequences used by other groups
were not exactly the same as in this study and
differed slightly in base length and anchoring
group (Table S2 of the Supporting Informa-
tion A.2). Averaging literature values despite of
differences, a significant enhancement factor up
to five is observed.
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Table 2.: Calculated surface saturation and maximal surface coverage values (Nsat, Nmax) and K values for ssO-SH-

conjugated gold nanoparticles

Nsat (pmolcm™) Nmax (pmolcm™ K (ssO NP™)
ssO-SH in situ (NP, 5 nm) 164.2 £6.9 146 748 +2.1
ssO-SH ex situ (NP, 15 nm) 163.5+17.9 119 3311.3 +877.0

In addition, we conclude from data that laser-
generated nanoparticles seem to be highly
available for the conjugation process, probably
due to lacking protecting ligands, which might
sterically hinder the conjugation process [8].
Meneghetti et al. described the ex situ conjuga-
tion of laser-generated gold nanoparticles with
bovine serum albumin (BSA) and detected the
formation of a protein multilayer [17]. This fact
also underlines the high affinity of bare gold
nanoparticles to bioconjugation. In the herein
described approach, no multilayer formation was
observed, probably because of repulsive forces
between charged ssO and a highly specific Au-
thiol binding.

Conclusion

We investigated the in situ and ex situ laser-
based bioconjugation of gold nanoparticles with
oligonucleotides with regard to conjugation effi-
ciencies and surface coverages, which are high-
ly influenced by the concentration of the conju-
gative agents and nanoparticles. Calculated
surface saturation values N, maximal obtained
surface coverages Nn. and K values are dis-
played in Table 2. In comparison to conventional
nanoparticle bioconjugation techniques as the
ligand exchange method, up to five times higher
maximal surface coverage values were ob-
served for the laser-fabricated nanoparticles by
in situ and ex situ conjugation. The strength of
the interaction of the oligonucleotide with the
gold nanoparticle seems to be higher during in
situ conjugation. Observed conjugation efficien-
cies in terms of the percentage of total oligonuc-
leotides conjugated to the gold nanoparticles are
about four times higher compared to those of ex
situ conjugation. The oligonucleotide binding in
an end-on mechanism via weak covalent thiol-
Au bonds was proposed with a space capacity
dirigism. Nanoparticles with well-defined diame-
ters, achieved by the size quenching mechanism
during in situ conjugation are obtained perform-
ing the conjugation in an oligonucleotide to na-
noparticle ratio of 20. The surface coverage is
then hardly one-fifth of the maximum, while more
than 90 % of added oligonucleotides are conju-
gated to the surface. As this surface coverage is
in the range of reported values in the literature,
bioconjugation during laser ablation presents a
prospective and efficient preparation method,
especially for the conjugation of precious biomo-
lecules like aptamers or vectors. Another inter-
esting feature is the tunability of the surface
coverage allowing the fabrication of bioconju-
gates with varying degrees of activity, which is
important for drug delivery systems [28].
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Abstract

Background: Bioconjugated nanoparticles are important analytical tools with emerging biological and
medical applications. In this context in situ conjugation of nanoparticles with biomolecules via laser
ablation in agueous media is a highly promising one step method for the production of functional
nanoparticles resulting in high conjugation efficiencies. Increased yields are required particularly
considering the conjugation of cost intensive biomolecules like RNA aptamers.

Results: Using a DNA aptamer directed against streptavidin in situ conjugation results in nanopar-
ticles with diameters of approximately 9 nm exhibiting a high surface density of aptamers (98 apta-
mers per nanoparticle) and a maximal conjugation efficiency of 40.3%. We have demonstrated the
functionality of the aptamer-conjugated nanoparticles in three independent analytical methods includ-
ing an agglomeration-based colorimetric assay and solid-phase assays proving high aptamer activity.
To demonstrate the general applicability of the in situ conjugation of gold nanoparticles with apta-
mers we have transferred the approach to an RNA aptamer directed against prostate specific mem-
brane antigen (PSMA). Successful detection of PSMA in human prostate cancer tissue was achieved
utilizing tissue microarrays.

Conclusion: In comparison to conventional generation of bioconjugated gold nanoparticles by chemi-
cal synthesis and subsequent biofunctionalization, the laser ablation-based in situ conjugation allows
the rapid one-step production. Due to high conjugation efficiency and productivity in situ conjugation
can be easily used for high throughput generation of gold nanoparticles conjugated with precious

biomolecules like aptamers.

Background

Gold nanoparticles (AuNPs) feature unique opti-
cal properties including a strong surface plas-
mon resonance- (SPR-) enhanced absorbance
and scattering with high quantum efficiency. In
addition with their resistance against photo-
bleaching AuNPs perfectly fulfill requirements for
the use as colorimetric sensors and markers.
For the sensing or labeling of DNA targets,
AuNPs are fairly easily functionalized with DNA
via thiol linkers resulting in a highly ordered self
assembled monolayer (SAM) [1,2]. Numerous
colorimetric applications of DNA-conjugated
AuNPs have been developed so far [3].

More recently, several applications of aptamer-
conjugated AuNPs have been reported [4,5].
Aptamers are short single stranded DNA or RNA
molecules that exhibit high specificity and affinity
towards their corresponding target. Thus, apta-
mers can be thought of as nucleic acid analo-
gues to antibodies that can be selected in vitro
via SELEX (systematic evolution of ligands by
exponential enrichment) against virtually any
molecule including proteins as well as small
molecules like metal ions [6-8]. Aptamer-
conjugated AuNPs have already been success-
fully applied for the detection of proteins in a dry-
reagent strip biosensor [9], detection of thrombin
on surfaces [4], colorimetric detection of platelet-
derived growth factor [5], detection of adenosine
and potassium ions in an agglomeration-based
approach [10], detection of thrombin in a dot blot

assay [11] and for targeting and therapy of can-
cerous cells [12,13].

All applications of aptamer-conjugated AuNPs
published so far are based on chemical synthe-
sis of AuNPs in the presence of reducing and
stabilizing agents and subsequent ligand ex-
change with aptamers. This ligand exchange
might afford heating and buffering to end up with
satisfactory yields and surface coverages
[14].The latter might be limited by interference of
remaining reducing agents with the aptamer
during the replacement process. Additionally
impurities due to remaining precursors and/or
reducing agents might result in possible restric-
tion of AuNPs use in biomedical applications
[15,16].

Recently, laser ablation of gold in liquid envi-
ronment has been applied for the production of
AuNPs [17,18] using surfactants for growth
quenching resulting in narrow nanoparticle size
distributions [19]. Advantages of laser-generated
AuNPs include high purity in combination with
unique surface characteristics. The Au surface
of laser-generated AuNPs is partially oxidized
allowing an electrostatic stabilization of the collo-
id without chemical additives. These partially
positively charged AuNPs, acting as electron
acceptors, can directly interact with electron
donors like amino or thiol groups in the ablation
medium [20,21]. During laser ablation the DNA
acts as a capping agent allowing precise size
control of the resulting AuNPs as it has been
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Figure 1.: Generation of aptamer-conjugated AuNPs via in situ conjugation. (A) Schematic illustration of in situ
conjugation of AuNPs with aptamers during laser ablation in aqueous aptamer solution. (B) Spacer design and resulting
mixed monolayer conjugated nanoparticles. Mixed monolayer formation and careful spacer design contribute to correct

aptamer folding.

reported for the addition of cyclodextrines, bio-
polymers etc. before [22]. No ligand exchange is
required, enabling higher conjugation efficien-
cies and surface coverages compared to wet
chemistry methods [23]. Hence, bioconjugation
during laser ablation presents a rapid and effi-
cient preparation method especially for the con-
jugation of precious biomolecules like aptamers
or vectors. In spite of these benefits, the utiliza-
tion of laser ablation-based in situ conjugation
for the generation of aptamer-conjugated AuNPs
has not been reported yet.

We show the functionalization of nanoparticles
with aptamers during femtosecond-pulsed laser-
induced gold nanopatrticle formation in aqueous
media utilizing a DNA aptamer directed against
streptavidin as a model system. In order to dem-
onstrate the applicability of aptamer-conjugated
AuNPs generated via laser ablation in complex
biomedical applications we have used an RNA
aptamer directed against prostate specific mem-
brane antigen (PSMA) for the detection of PSMA
in human prostate cancer tissue utilizing tissue
microarrays.

Results and discussion

Choice of aptamer orientation and spacer
design

In order to ensure aptamer activity, several fac-
tors concerning the ability of the aptamer to fold
into the correct three-dimensional structure have
been considered. We have previously reported
the application of an aptamer directed against
streptavidin (referred to as miniStrep) in protein
microarray format [24, 25] .Utilizing this ap-
proach we have found that the miniStrep apta-
mer needs an additional spacer placed between
aptamer and substrate to show activity which is
slightly higher when immobilized via its 3" termi-
nus. Thus, we decided to utilize 3" orientation.
An additional oligothymidine (T10) spacer was
placed between the disulfide group and the ap-
tamer sequence. Tymidine was chosen since
this nucleotide has the lowest affinity towards
the gold surface in comparison to the other
possible nucleotides [26]. Thus, nonspecific
binding of the spacer bases to gold is minimized
which should increase the surface loading and
improve the elevation of the aptamer away from
the nanopatrticles surface. Taking these consid-
erations into account the miniStrep aptamer

construct used in this work was the following:
TCT GTG AGA CGA CGC ACC GGT CGC AGG
TTIT TGT CTC ACA G-Ty-(CH,)s-S-S-
(CH,)s0OH.

In case of the anti PSMA aptamer we also de-
cided to immobilize via the 3'terminus. Accord-
ing to Lupold et al. the aptamer can be subjected
to 3" truncation of up to 15 nucleotides without
losing its affinity to PSMA [27]. Since the 3~
terminal bases are not necessary for target rec-
ognition we decided to omit the utilization of an
additional oligonucleotide spacer. Instead hex-
aethylenglycol was chosen as a spacer because
it does not exhibit intermolecular repulsion that is
one source of low DNA loading on AuNPs [28].
Furthermore, it does only occupy a small surface
area allowing high packing densities [28] and is
known to minimize nonspecific protein binding
[29].Therefore, the used aptamer construct was
the following: GGG AGG ACG AUG CGG AUC
AGC CAU GUU UAC GUC ACU CCU UGU CAA
UCC UCA UCG GCA GAC GAC UCG CCC GA-
(CH,CH,0)6-(CH,)6-S-S-(CH,)sOH.

The aptamers were directly used in laser abla-
tion process without prior dithiothreitol (DTT)
treatment (Figure 1 A). According to Dougan et
al. this does not affect the surface coverage [30].
Moreover, the mercaptohexanol (MCH) of the
mixed disulfide (aptamer S-S-(CH,)sOH) may
serve as a co-adsorbent eliminating unspecific
binding to the gold surface by occupying free
binding sites [31]. Due to the formation of a
mixed monolayer consisting of aptamers and
short organic residues, the available space for
optimal aptamer folding is enhanced (Figure
1 B).

In situ conjugation

Due to rapid one-step processing, laser ablation-
based in situ conjugation enables the fast
screening of different conjugation conditions.
Utilizing this high throughput potential, we have
determined optimal conjugation conditions by
using different concentrations of miniStrep ap-
tamer in  Tris(hydroxymethyl)-aminomethan
(Tris) buffer during laser ablation. Per investi-
gated concentration the laser ablation process
takes less than two minutes. A UV-Vis spectrum
of AuNPs produced via laser ablation in the
presence of 5 uM aptamer can be found in the
Supporting Information (Figure S1)
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Figure 2.: Characterization of aptamer-conjugated
AuNPs. (A) Hydrodynamic diameter and Feret diameter
of the aptamer AuNP conjugates as a function of aptamer
concentration used during laser ablation. (B) Suggested
mechanism of the observed increase of the size of the
conjugates. At low surface coverages the negatively
charged aptamer lays flat on the positively charged AuNP
surface. With increasing surface coverage the aptamers
straightened up on the surface resulting in an increased
hydrodynamic diameter. Scale bars illustrate the propor-
tions of linearized aptamer and AuNP.

DLS measurements demonstrate that the hydro-
dynamic diameter (d;) of the AuNPs increases

with increasing aptamer concentrations (Figure
2 A). While dy, after ablation in Tris buffer (with-
out aptamer) is 7 nm, d, increases with increas-
ing aptamer concentrations up to 5 uM and final-
ly reaches a plateau of approximately 60 - 70 nm
(Figure 2 A). We assume that this enlargement
of dy is a result of cumulative aptamer loading on
the gold surface. At low surface coverages the
aptamer lays flat on the surface due to non spe-
cific binding via the lone nitrogen electron pairs
of the nucleotides. As the surface coverage
increases the aptamers are forced to adopt a
more perpendicular conformation due to elec-
trostatic repulsion of the aptamers negatively
charged phosphate backbones resulting in an
enlargement of dy (Figure 2 B). We estimated
the length of the aptamer (including T4, spacer)

Table 1.: Characterization of aptamer-conjugated gold nanoparticles. Summary of data obtained for AuNPs conju-
gated with miniStrep aptamer in Tris buffer (* Hydrodynamic diameter, ® Feret diameter, ° Aptamers per AuNP surface,

Conjugation efficiency).

to be 21.5 nm utilizing a base to base distance
for ssDNA of 0.43 nm [32]. For an aptamer-
conjugated AuNP of 9 nm core size this results
in a diameter of approximately 52 nm which is
close to the observed plateau of d,, and supports
our assumption (Figure 2 B).

On first sight the increase of AuNPs hydrody-
namic diameter seems to be contradictory to our
previous finding of a growth quenching effect
induced by increasing DNA concentrations [20].
But in contrast to our previous work, here the
ablation was performed in Tris buffer. Tris is able
to interact with the surface of the embryonic
AuNPs resulting in a prevention of further post-
ablation nanoparticle agglomeration. Conse-
quently, the AuNPs produced in Tris buffer are
already stabilized by the buffer molecule result-
ing in reduced diameters (dy,= 7.1 £ 0.8 nm in
Tris buffer versus 54.2 = 0.6 nm in ddH20 (Fig-
ure 2 A)) and a diminished influence of the oli-
gonucleotide concentration on the nanoparticles
size. This assumption is supported by TEM
analysis data. The Feret diameter (drer) Of
AuNPs produced in Tris buffer slightly decreases
from 12.1 to 7.3 nm with increasing aptamer
concentration (Figure 2 A). In comparison to the
Tris molecule the thiolated aptamer exhibits a
higher affinity towards the gold surface resulting
in better stabilization of embryonic particles and
thus smaller AUNPs as detected via TEM analy-
sis. Although there may be some portion of Tris-
aptamer ligand exchange after nanoparticle
generation, the size quenching effect observed
by TEM analysis confirms the successful in situ
bioconjugation during laser ablation.

In addition to the AuNPs size we have deter-
mined the aptamer loading (Table 1). For the
AuNPs produced by laser ablation in 5 pM ap-
tamer solution (in situ) we have found a loading
of 98 aptamers per nanoparticle corresponding
to 65 pmol/cm®. This aptamer loading is higher
than the results achieved by post production (ex
situ) modification of chemically synthesized
AuNPs with short oligonucleotides (Demers et
al.: 34 pmol/cm?) [33] and the aptamer loading to
chemically synthesized AuNPs reported by
Huang et al. (13 pmol/cm?) [5]. The high apta-
mer loading achieved by in situ conjugation
confirms the high availability of laser-generated

Ciministrepy  dn (DLS)’ dreret’ Aptamer/AuNP  Aptamer/A sunp° Econ’
[uM] [nm] [nm] [pmol/em’] [%]

0 7.1+£08 12.1+98 - - -
1.25 37.5+23 112442 802 33.93 +1.04 40.3+0.3
5 61.1+£19 9.0£5.0 98 £4 64.58 £1.82 19.8 £ 0.7
25 71.0£2.0 7325 74 £ 11 73.90 +7.22 6.1+£0.9
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AuNPs for bioconjugation. The conjugation effi-
ciency was calculated as portion of provided
aptamer bound to the nanoparticle surface (Ta-
ble 1). At 1.25 pM aptamer concentration 40.3%
of the available aptamer binds to the AuNPs
which demonstrates the suitability of the method
for efficient conjugation of precious biomole-
cules. Since we have observed no denaturation
of the aptamer during laser ablation (as dis-
cussed in the next section), the remaining
amount of aptamer can be reused.

After the ablation process, conjugates were
slowly transferred into the aptamer selection
buffer by addition of NaCl and MgCl,. During this
salting process we have observed precipitation
of AuNPs produced at aptamer concentrations
lower than 5 uM. The higher stability of AuUNPs
conjugated at aptamer concentrations of 5 uM
(or higher) coincides with the plateau in the hy-
drodynamic diameter (Figure 2 B) and indicates
better stabilization due to higher surface cove-
rages. All further experiments were performed
with AuNPs produced in 5 uM aptamer solution
which was a compromise between maximal
aptamer density and minimal aptamer consump-
tion (Table 1). Under these conditions we were
able to produce 75 pg (150 pg/ml) miniStrep-
conjugated AuNPs within less than two minutes.
The free aptamer was removed by centrifuga-
tion. In order to maintain conjugate activity, the
centrifugation was performed at rather mild con-
ditions (16600xg). This procedure results in a
slightly increased average Feret diameter
(14.6 nm) due to loss of small nanoparticles (see
Supporting Information, Figure S2).
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Figure 3.: Verification of the activity of aptamer-
conjugated AuNPs. (A) The shift of the SPR maximum
clearly indicates the formation of agglomerates in the
presence of streptavidin. (B) Schematic illustration of the
formation of agglomerates as a function of streptavidin
concentration: At low streptavidin concentration relatively
small agglomerates occur (i). At a medium streptavidin
concentration the tetrameric protein induces the formation
of large agglomerates (ii). An excess of streptavidin inhi-
bits the formation of agglomerates by saturation of the
aptamers bound to the nanoparticle surface (iii).

Functionality of miniStrep-conjugated AuNPs
The functionality of the immobilized miniStrep
aptamer was confirmed by three independent
methods. First, a classical agglomeration-based
method was applied. Therefore, a fixed amount
of AuNPs (0.69 nM) conjugated with miniStrep
aptamer was incubated with different amounts of
streptavidin (0 — 15.9 nM) and UV-Vis was de-
tected. Since streptavidin is a tetrameric protein,
agglomeration can be observed as a red shift of
SPRMax (Figure 3 A). The shift in SPRya,y in-
creases with increasing concentrations of strep-
tavidin and passes through a maximum at a
streptavidin concentration of 2 nM. In addition to
the SPRy.x shift we have observed the formation
of a red film on the wall of the reaction vessel
along with a loss of AuNPs in solution at strepta-
vidin concentrations from 1 nM to 4 nM. We
assume that the red film is composed of big
agglomerates while small agglomerates stay in
solution and can be detected via the shift of
SPRyax and TEM analysis. TEM micrographs of
the agglomerates indicated a defined composi-
tion and tetrahedral structure of these agglome-
rates (Figure 4). Based on TEM analysis we
have determined an agglomerate size of 35 nm
(edge-to-edge length). In order to verify the pro-
posed tetrahedral structure we have calculated
the size of the agglomerates based on the ob-
served shift of SPRy,y utilizing the “plasmon

ruler equation” [34]:
|5
D

A—/l = (,18xexp| ——=
Ay 0,23

b

This approximation describes the dependence
between the observed shift of SPRy. (AA) on
the interparticle gap (s) and nanoparticle size
(D). Including our experimental results
(AA=6 nm; Ag=523.5 nm; D=dree=14.6 NnM) we
have calculated an interparticle distance of
9.3 nm and an edge-to-edge length of the pro-
posed tetrahedron of 38.5 nm. Taking into ac-
count that equation (1) is an empirical approxi-
mation established for a pair of interacting nano-
particles rather than for a tetramer and consider-
ing that the geometry of streptavidin is not per-
fectly tetrahedral, the deviation of 10% between
the agglomerate sizes measured by TEM analy-
sis and calculated from the shift of SPRy.y
seems to be acceptable. The good agreement
between the agglomeration sizes obtained by
two independent methods supports the pro-
posed tetrahedral structure of the agglomerates.
At streptavidin concentrations above 2 nM the
shift of SPRy., decreases due to saturation of
aptamers immobilized on the AuNPs surface
with streptavidin (Figure 3 B). This saturation
effect is in accordance with the observations of
Huang et al. who have used an aptamer against
a dimeric protein (platelet-derived growth factor)
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Figure 4.: TEM analysis of AuNPs conjugated with
aptamers against streptavidin. TEM micrographs of
AuNPs without streptavidin (i) and after incubation with
streptavidin (ii). Insert displays a scheme of the proposed
composition of the agglomerates. Please note that the
agglomerates are displayed simplified in the scheme, de
facto streptavidin is not planar but tetrahedral.

[5]. In order to gain quantitative insight into
streptavidin binding and thus aptamers activity,
the AuNPs were incubated with an excess of
Cy3 labeled streptavidin. The agglomerates of
aptamer-coated nanoparticles and attached
streptavidin were removed by ultracentrifugation
and the amount of bound streptavidin was de-
termined by measuring the remaining streptavi-
din concentration in the supernatant.

Since the aptamer loading was determined for
the whole AuNP population generated by laser
ablation (drerei= 9.0 Nm) and the binding of Cy3
labeled streptavidin was performed with the
AuNP subpopulation resulting from removal of
free aptamer by centrifugation (drerer= 14.6 NmM) it
was not possible to compare aptamer loading
directly to amount of bound streptavidin. In order
to estimate the aptamer activity, it was assumed
that the aptamer density (pmol/cm?) is not signif-
icantly affected by the nanoparticle diameter.
Based on this assumption the aptamer loading
was calculated to be 64.58 + 1.82 pmol/cm® and
the amount of streptavidin bound to AuNPs sur-
face was 67.23 + 0.76 pmol/cm® resulting in
approximately 100% aptamer activity. This indi-
cates that the aptamer is not degraded during
the laser ablation process and optimal aptamer
folding was achieved by careful design of the
spacer.

To examine the applicability of the aptamer-
conjugated AuNPs in solid phase assays, we
have performed a simple dot blot assay (Figure
5 A). The nanoparticle aptamer conjugates ex-
clusively bind to the immobilized streptavidin
while no binding can be observed to BSA. The
experiment was repeated with unconjugated
nanoparticles resulting in no binding of AuNPs to
the immobilized proteins (data not shown). This
clearly demonstrates the specific binding of
AuNPs to streptavidin via the aptamer conju-
gated to the nanoparticle surface.

The AuNPs bound to streptavidin during the dot
blot assay were further analyzed via ESEM. The

A

Strep Strep BSA
(+) (+) (-)

L 4
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Figure 5.: Dot blot. Dot blot detection of streptavidin
utilizing aptamer-conjugated gold nanoparticles (A).
ESEM image of nanoparticles bound to streptavidin im-
mobilized on the nitrocellulose membrane (B).

ESEM micrograph approves the Feret diameter
of the nanoparticles determined by TEM (Figure
5B).
Functionality of anti
AuNPs

Encouraged by the positive performance of the
dot blot assay our next aim was to prove the
applicability of aptamer-conjugated AuNPs in
more complex and demanding solid-phase as-
says. Therefore, we have used AuNPs conju-
gated with an aptamer directed against PSMA
for detection of PSMA in prostate cancer (ade-
nocarcinoma) tissue sections.

AuNPs conjugated with anti PSMA aptamer
show a staining pattern similar to anti PSMA
antibody. In both cases a positive staining of
acinar epithelial cells was observed (Figure 6).
In tissue sections treated with anti PSMA apta-
mer-conjugated AuNPs an additional staining of
muscle cells was observed that was not de-
tected in the positive control. Since the negative
control does not show positive binding to epi-
thelial cells nor false positive binding to muscle
cells we assume the binding of anti PSMA con-
jugates to muscle cells to be induced by the
PSMA aptamer. A positive staining of smooth
muscle cells in prostate cancer has also been
reported for one monoclonal antibody against
PSMA (7E11) [35] and some authors assume
that there may be a “PSMA-like” target in
smooth muscle cells [36, 37]. Following this
consideration the binding of AuNPs conjugated
with anti PSMA aptamer to muscle cells may be
the result of cross-reactivity of the aptamer with
this unknown “PSMA-like” target. In summary,
our results demonstrate that the anti PSMA
aptamer AuNP conjugates are able to detect
PSMA in acinar epithelial cells of human pros-
tate cancer. This exemplifies the broad applica-
bility of aptamer-conjugated AuNPs even in high
complex biological matrices and bioimaging
applications.

PSMA-conjugated




4. In situ bioconjugation of laser-generated gold nanoparticles with nucleic acids

PSMA apt e SR
P Vo
(g
‘&f' o .
f oy 4
){ A
1 o A
v I“‘“ .
A 100 m
v NN
PSMA pAb A= 5
(+) Yo

mini Strep apt

)

100 pm

Figure 6.:- Detection of PSMA in human prostate
cancer tissue. Detection of PSMA positive structures in
prostate cancer tissue sections by immunohistochemical
staining utilizing anti PSMA aptamer (PSMA apt)-
conjugated AuNPs. As negative control AuNPs conju-
gated with miniStrep aptamer (miniStrep apt) were used.
A polyclonal antibody directed against PSMA (PSMA
pAb) was used as a positive control. Positive control was
additionally stained with Haematoxylin and Eosin. Black
arrows indicate specific staining, white arrows flag unspe-
cific binding.

Conclusions

We have demonstrated the suitability of laser
ablation-based in situ bioconjugation for produc-
tion of functional aptamer-conjugated gold na-
noparticles. Exploiting the potential of this rapid
one-step method for high throughput screening,
we have optimized the conjugation regarding
aptamer loading and conjugation efficiency.
Addressing the general applicability of the me-
thod, we have utilized two different aptamers
composed of DNA and RNA. The high degree of
aptamer activity determined on AuNP surface
verifies that there is no heat-induced denatura-
tion of the aptamer during laser ablation. We
have proven the functionality of conjugates by
three different methods (agglomeration-based
assay, dot blot assay, tissue microarray) indicat-
ing the broad applicability of aptamer-conjugated
gold nanoparticles for bioanalytical applications
even in high demanding assays. Moreover, in
situ conjugation avoids possible contamination
by toxic educts, residual reducing agents or
preservatives. Thus, this method could also be
especially advantageous for medical applica-
tions.

Since in situ conjugation is a fast and simple
one-step approach to pure conjugated AuNPs
with high conjugation efficiency and productivity
it can be easily used for the high throughput
production of large amounts of different conju-
gated nanoparticles.

Methods

Materials

All chemicals were purchased from Sigma-
Aldrich (Steinheim, Germany) or Fluka Chemie
AG (Taufkirchen, Germany) and used as re-
ceived. The aptamer against streptavidin (TCT
GTG AGA CGA CGC ACC GGT CGC AGG TTT
TGT CTC ACA G —T4-(CHy)3-S-S-(CH,)sOH,
referred to as miniStrep) [24] and anti PSMA
aptamer (GGG AGG ACG AUG CGG AUC AGC
CAU GUU UAC GUC ACU CCU UGU CAA UCC
UCA UCG GCA GAC GAC UCG CCC GA-
(CH,CH,0)6-(CH,)6-S-S-(CH,)s0OH) [27] were
purchased from Biospring GmbH (Frankfurt,
Germany). The gold foil was of 0.1 mm thick-
ness and > 99.99% purity and was obtained
from Goodfellow GmbH (Bad Nauheim, Germa-

ny).

Generation of aptamer-conjugated AuNPs
Laser ablation was performed in the buffer sys-
tem the aptamer was originally selected in. For
the miniStrep aptamer 50 mM
Tris(hydroxymethyl)-aminomethan (Tris) pH 8.0
was used, anti PSMA aptamer was conjugated
in 20 mM  N’-2-Hydroxyethylpiperazine-N’-2
ethanesulphonic acid (HEPES) pH 7.4. Laser
generation of AuNPs was performed utilizing a
Spitfire Pro femtosecond laser system (Spectra-
Physics) providing 120 fs laser pulses at a wave-
length of 800 nm. 5x5 mm gold foils were placed
in the wells of a 24 well plate filled with 500 pl of
aptamer solution in the respective buffer. Abla-
tion was performed while moving the plate at a
constant speed of 60 mmxmin™ in a spiral (outer
radius: 3 mm, inner radius: 1.5 mm) utilizing an
axis system. The pulse energy was fixed to
100 uJ and the repetition rate was 5 kHz. In
order to avoid heat-induced degradation of the
aptamer, the focus position was adjusted to be
-2 mm beneath the focus position determined in
air [20].

Post generation processing of the aptamer-
conjugated AuNPs

After laser ablation, the conjugates were allowed
to age overnight at 4°C before NaCl was added
in increments of 25 mM by addition of 2 M NaCl
in Tris-Cl or HEPES respectively. After each
NaCl addition the colloidal solution was mixed
and incubated for 1 h at room temperature. The
addition of MgCl, and CaCl, was performed after
another over night incubation at 4°C by addition
of 1 M MgCl, and 1 M CaCl,. Final buffer com-
positions were the following: miniStrep: 150 mM
NaCl, 10 mM MgCl,, 50 mM Tris-Cl pH 8.0; anti
PSMA: 150 mM NaCl, 1 mM MgCl,, 1 mM
CaCl,, 0.05% Tween 20, 20 mM HEPES pH 7.4.
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To remove free aptamer, the ablation medium
was centrifuged for 15 min at 15000 rpm. The
supernatant was transferred into a new centri-
fugal tube and centrifuged for another 30 min.
The supernatant was discarded and the pellets
were pooled and resuspended in the respective
buffer. This process was repeated 4 times.

Characterization methods

UV-Vis spectra of the AuNP solutions were rec-
orded utilizing a Shimadzu 1650 spectrophoto-
meter. In order to determine the AuNP concen-
tration the absorption at 380 nm (mainly corres-
ponding to the interband transition of gold) was
measured. Intensities were converted to AuNP
mass concentrations by interpolation from a
linear standard calibration curve (R® = 0.99).
Standard curves were prepared with known
concentrations of AuNP by weighting a gold
target three times before and after ablation.
Transmission electron micrographs (TEM) were
commissioned at Stiftung Tierarztliche Hoch-
schule, Institut fur Pathologie (Prof. Dr. W.
Baumgartner, Kerstin Rohn) and were obtained
utilizing a TEM Philip CM30 with 0.23 hm resolu-
tion. One drop of the colloidal solution was
placed on a carbon coated, formvar covered
copper grid and dried at room temperature. Giv-
en diameters are averaged over at least
200 AuNPs. Dynamic light scattering (DLS)
measurements were performed utilizing a Zeta-
sizer ZS (Malvern). Three consecutive mea-
surements were carried out and average values
are presented.

The amount of aptamer bound per nanoparticle
was determined by measuring the concentration
of the unbound aptamer. Therefore, aptamer-
conjugated AuNPs were removed by ultracentri-
fugation (Beckman Coulter Optima Max,
30000xg) and the adsorption of the supernatant
was measured at 260 nm against a serial dilu-
tion of aptamer in Tris buffer. Mean values of
three measurements are presented.

Determination of miniStrep aptamer functio-
nality

The agglomeration-based streptavidin assay
was performed by incubating a fixed amount of
miniStrep-conjugated AuNPs (0.69 nM) with
varying concentrations of streptavidin  (0-
15.9 nM) for 16 h at room temperature. UV-Vis
was measured to monitor the shift of SPRyay.
Furthermore, the aptamer activity was deter-
mined in a “golden blot” [38] format similar to the
method published by Wang et al. [11]. In brief,
streptavidin (0.5 ul, 1 mg/ml in PBS) was spotted
in 10 replicates onto a nitrocellulose membrane
(Sartorius, Goettingen, Germany). After 1h
incubation at room temperature, blocking of the
membrane was performed with 1% BSA in mini-
Strep selection buffer. The membrane was
washed in the same buffer and incubated with a
solution of AuNPs (20 pg/ml) for 2 h. Finally the
membrane was washed with miniStrep selection
buffer. As a negative control, BSA (0.5 pl,

1 mg/ml in PBS) was spotted on the membrane.
Furthermore, the experiment was repeated with
“pare” AuNP produced in Tris buffer in the ab-
sence of aptamer. In this experiment the mini-
Strep selection buffer was replaced by 50 mM
Tris-Cl pH 8.0 in order to maintain colloidal sta-
bility of the non-stabilized nanoparticles. Envi-
ronmental scanning electron  microscopy
(ESEM) of the membrane after incubation with
AuNPs was performed with a Quanta 400 F
(FEI, Eindhoven, Netherlands) in low vacuum
conditions. A piece of membrane was placed on
an aluminum holder and visualized without pre-
vious sputtering.

In order to determine the activity of the miniStrep
aptamer bound to the AuNPs surface, the conju-
gate (28.5 pg/ml, 0.15 nM) was incubated with
Cy3-labeled streptavidin (166.7 ug/ml, 2.8 uM)
for 16 h at room temperature in the dark. The
conjugates and bound streptavidin were re-
moved by ultracentrifugation. The amount strep-
tavidin bound to the nanoparticles was deter-
mined by measuring the streptavidin concentra-
tion remaining in the supernatant utilizing a Fluo-
roskan ascent fluorescence plate reader (Ex:
544 nm, Em: 590 nm). Mean values of 4 mea-
surements are presented.

Determination of anti PSMA aptamer functio-
nality

The activity of anti PSMA aptamers conjugated
to AuNPs was investigated utilizing a tissue
microarray consisting of paraffin embedded
prostate cancer tissues (US Biomax, Rockuville,
MD, USA). After baking the slides at 60°C for
30 min paraffin was removed by two washing
steps in xylene (10 min each). The tissue arrays
were rehydrated by consecutive washes in
100%, 95% and 70% ethanol followed by a
washing step in ddH,O (5 min each). Antigen
retrieval was performed by placing the slides into
0.01 M sodium citrate pH 6.0 for 15 min at 95°C.
Consequently slides were washed with anti
PSMA aptamer selection buffer and blocked in
5% goat serum (Millipore) in the same buffer.
The anti PSMA selection buffer was used for all
consequent assay steps. Incubation with the
aptamer modified AuNPs (20 ug/ml) was per-
formed for 2 h at 20°C and 300 rpm in an Ep-
pendorf shaker equipped with a slide adaptor
after placing a secure seal incubation chamber
(Grace Biolabs, Bend, OR, USA) filled with
800 pl of the respective AuNP solution on the
slide. Slides were washed two times for 5 min
with 1% goat serum and fixed for 15 min with
2.5% glutaraldehyde solution. Silver enhance-
ment was performed utilizing a silver enhancer
kit (Sigma) according to the instruction provided
by the manufacturer.

AuNPs conjugated with miniStrep Aptamer in
HEPES buffer were chosen as a negative con-
trol. All washing and incubation steps were per-
formed as described above. As positive control,
rabbit anti PSMA antibody directed against the
C-terminal domain of human PSMA (Millipore)
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was used.[39] Here, all washing and incubation
steps were performed utilizing PBS. After incu-
bation with 2.5 ug/ml rabbit anti PSMA for 2 h
the slides were washed two times for 5 min with
1% goat serum and consequently incubated with
a 1:20 dilution of 12 nm colloidal gold conjugated
with goat anti rabbit IgG (Jackson Immuno Re-
search; OD at 520 nm of stock solution: 2) for
1.5h. High background of developed tissue
arrays was removed as described by Springall et
al. [40].
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5. Laser-based generation and cellular uptake of gold
nanoparticle-peptide conjugates

The immobilization of NAs on AuNPs, which has been shown to be achievable by fs
LAL, is promising for the targeted diagnostic and therapeutic application of NPs.

However, besides NAs, the immobilization of peptides on AuNPs gains similar impor-
tance. They also contain recognition motifs, which might be used for a localized accu-
mulation of the functionalized NPs. Furthermore, peptides containing so-called protein
transduction domains are more and more used as carriers for various biomolecules but
also NPs to efficiently translocate across cell membranes. As the cellular internalization
is highly affected by NP size, surface charge etc. (chapter 2.1.2), the investigation of
the optimal design of the NP-peptide conjugate is especially important for this issue.
The applicability of the laser-based bioconjugation for the simple and rapid immobiliza-
tion of peptides to AuNPs, addressed in the comprehended paper (chapter 5.1), was
thus examined with the model CPP Penetratin. An activated penetratin, featuring a
pyridyl disulfide (NPys) function at its N-terminal end with high affinity towards gold was

chosen for specific functionalization.

Conjugation efficiency was found to depend on the pH of the ablation medium, proba-
bly due to the pH-dependent net charge of peptides and the charge of laser-generated
AuNPs (chapter 2.4.3). Results reveal furthermore that there are probably three effects
defining the bioconjugate size and shape at varied penetratin concentrations during fs
LAL. A first size quenching effect, as also reported for NAs, was followed by the forma-
tion of aggregates, observed for penetratin concentrations higher or equal 5 uM. The
cause might be a reduction in electrostatic repulsions as combination of negatively
charged NP surface (Au-O’) and positively charged penetratin. With even increased
penetratin concentrations, the decrease of interparticle spacing and the deformation of
spherical primary NPs were determined. This reshaping of primary particles probably
results from a laser-induced partial melting and subsequent fusion of AuNPs with low
interparticle distances in aggregates. The surface coverage of penetratin per AuNP
represents an additional property, which was found to be tunable by the concentration
of penetratin in the ablation medium.

To conclude, fs LAL allows the design of peptide-conjugated AuNPs with different par-
ticle and aggregate size and peptide surface coverage. In a preliminary biological ap-
plication included in the paper, we could show a successful uptake of AuNP-Pen bio-
conjugates for the first time. Up to 100 % of co-incubated bovine endothelial cells were
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marked with penetratin-conjugated AuNPs within 2 h. For comparison, just 77 % of the
cells were marked with ligand-free NPs after 48 h of co-incubation (Own paper included
in the thesis [2]). Hence, the penetratin conjugation seems to enhance uptake effi-
ciency, and it also triggers a different mechanism. In contrast to uncoated AuNPs, the
penetratin-conjugated AuNPs are situated in intracellular vesicles. The single steps of
the internalization into cells of the cell line M3E3/C3 with stem cell character for pul-
monary cells are depicted in TEM micrographs in Figure 5.1. They range from the as-
sociation to the cellular membrane and the protrusion of the membrane around the
AuNPs to the formation of intracellular vesicles. The mechanism is therefore supposed
to be of micropinocytotic nature.

Figure 5.1.: TEM micrographs, visualizing the involved single steps of the internalization of pe-
netratin-conjugated AuNPs into M3E3/C3: (A) membrane association, (B) protrusion of the
membrane around AuNPs, and (C) AuNPs in intracellular vesicles.

The time scale of the internalization is shown in Figure 5.2. While after 30 minutes of
co-incubation, most of the AuNPs are still membrane-associated (blue arrows) or not
associated at all (yellow arrows), they are mainly situated in intracellular vesicles after
4 h of co-incubation (red arrows). These particle-carrying vesicles seem to be directed
towards the cell nucleus.
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Figure 5.2.: TEM micrographs visualizing the time scale of internalization of penetratin-
conjugated AuNPs into M3E3/C3: (A) 30 min and (B) 4 h of co-incubation.

The vesicular internalization of AuNPs, leading to the formation of aggregates, has
advantages but also disadvantages, depending on the desired application. If the par-
ticles are not able to escape the vesicles, no interaction of AuNPs with specific cellular
compartments can be achieved. Hence intracellular targeting would not be possible.
But aggregation leads to a significant red shift of the SPR (chapter 2.1.1), which might
be especially interesting for in vivo imaging and also photothermal therapy. Light scat-
tering and heat release will be then efficiently triggered by 800 nm light irradiation, ha-
ving a penetration depth of up to a few centimeters.
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Abstract

Gold nanoparticles (AuNPs) are promising imaging agents for the long-term visualization and tracing
of intracellular functions, as they bear outstanding optical properties and are fairly easily bioconju-
gated. However, the design of such multifunctional nanosystems might be limited by their bioavaila-
bility. Cell penetrating peptides (CPP) have shown to be efficient molecular transporters with very few
indices of cytotoxicity also in conjunction to nanoparticles. But, probably due to the lack of methods,
enabling a rapid design of nanoparticle bioconjugates with defined surface coverage values, there
are no studies screening the influence of the peptide concentration and the morphology of AuNPs on
cellular uptake efficiency and mechanism. The current work aims to explore the approach of in situ
conjugation during laser ablation in liquids for the variable design of CPP-NP conjugates at the ex-
ample of penetratin-conjugated AuNPs. By the variation of the peptide concentration during laser
ablation, AuNPs with different degree of aggregation and peptide surface coverage values are ob-
tained. The generation of cell penetrating nanomarkers by laser ablation thus enables correlation of
particle size and shape and surface coverage with biological activity, i.e., internalization efficiency
and mechanism. In a preliminary biological application, laser scanning confocal and transmission
electron microscopy revealed a successful uptake of penetratin-conjugated AuNPs for the first time in
up to 100 % of co-incubated cells within two hours.

Introduction

The visualization and observation of physiologi-
cal structures and cellular functions is vital for
understanding, diagnosing and treating dis-
eases. Multifunctional nanosystems, composed
of a combination of an inorganic core with a
biomolecule shell, are reported to be promising
imaging agents [1]. One inorganic core material
with a high acceptance level in living systems
are gold nanoparticles (AuNPs) [2]. They feature
unigue optical properties including a strong sur-
face plasmon resonance (SPR) with high quan-
tum efficiency and resistance to photobleaching,
making them visable by laser scanning confocal
microscopy (LSCM) [3]. The SPR maximum
(SPRyax) can vary from 500 to 1000 nm in de-
pendence of nanoparticle size, aspect ratio and
interparticle spacing. For example, the reduction
of interparticle spacing during particle aggrega-
tion results in a red shift of SPRy,, due to inter-
particle plasmon coupling [4]. As a result, gold
aggregates are easily excitable by near infrared
lasers within the optical window of blood and
tissue; hence they might be used for visualiza-
tion and simultaneous photothermal therapy of
labeled sites [5].

The functionalization of AuUNPs can be achieved
fairly easily via thiol linkers resulting in a highly
ordered self assembled monolayer (SAM) [6].
With this method extracellular and intracellular
targeting agents such as aptamers [7], antibo-
dies [8] and/or effector molecules [9] are conjug-
able to the nanopatrticle core.

However, the design of such multifunctional
nanosystems might be limited by the question of
their bioavailability. Previous studies have re-

ported the direct but size and shape-dependent
internalization of chemically derived AuNPs into
several cell lines, while the time scale of interna-
lization often occupies up to 48 h [10]. For a
more efficient internalization, a number of inva-
sive methods have been developed under cell
culture conditions. The plasma membrane can
be disrupted by electroporation, particle bom-
bardment, ultrasound or microinjection, or per-
meabilized by detergents, organic solvents, or
hypotonic buffers. In most approaches, the
membrane disruption cannot be controlled, so
that very often cell viability after treatment is low.
Furthermore the conjugation to viral vectors [11]
and dendrimers [12] was shown to enhance the
cellular uptake of AuNPs. But the in vivo applica-
tion of both approaches is confined as the bio-
compatibility of dendrimers has to be previously
increased by PEGylation [13] and the risk of
pathogenic mutations of viral vectors cannot be
ruled out [14].

Molecular transporters with high uptake efficien-
cy at low concentrations have been discovered
in the early 90s, when a series of short peptide
sequences, known as protein transduction do-
mains (PTDs) were identified to efficiently cross
cellular membranes [15]. Among these cell pe-
netrating peptides (CPP), the most popular are
Tat peptide and penetratin, derived from the
human immunodeficiency virus type-1 (HIV-1)
Tat (transactivator of transcription) and the dro-
sophilia antennapedia homeodomain (Antp)
respectively. The internalization mechanisms are
still controversially discussed; one even as-
sumes that some peptides cross the cellular
membrane by more than one mechanism in
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dependence of the cargo molecule and the pep-
tide concentration [16]. Both, Tat and penetratin,
were shown to induce successful internalization
of diverse biomolecules including DNA [17] and
proteins [18]. Additionally, Tat conjugated to
AuNPs via BSA [19] or tiopronin [20] has been
already described to efficiently deliver the nano-
particles into cells and even the nucleus.

However, probably due to the lack of rapid na-
noparticle synthesis methods, enabling a fast
design of nanoparticle bioconjugates with de-
fined surface coverages, there are no studies
screening the influence of the peptide concentra-
tion, the morphology of AuNPs and further CPP
on the internalization of nanoparticles. In pre-
vious studies we established the in situ biocon-
jugation of AuNPs with thiolated single stranded
oligonucleotides during ultrashort-pulsed laser
ablation in liquids [21]. This one-step method
allowed a rapid and simultaneous generation
and conjugation of AuNPs with variable surface
coverage values and bioconjugate sizes in de-
pendence of the biomolecule concentration [22].
Here, we explore this method for the design of
penetratin-conjugated gold nanoparticles. An
activated penetratin  (Pen: (Ac)NPys-CRQIKI-
WFQNRRMKWKK(Ac)), featuring a pyridy! disul-
fide (NPys) function at its N-terminal end with
high affinity towards gold was chosen for specific
functionalization of AuNPs. After examining the
conjugation efficiency at various pH values of
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the ablation medium, AuNP-Pen bioconjugates
are generated within less than one minute of
laser ablation in aqueous solutions containing
different amounts of Pen. SPR, surface cover-
age, and particle size and shape are thus sys-
tematically varied and their correlation with bio-
logical activity, i.e., internalization efficiency and
mechanism may be enabled. In the paper at
hand, we discuss a preliminary biological appli-
cation, investigating the internalization efficiency
of AuNP-Pen bioconjugates in comparison to the
direct internalization of ligand-free AuNPs for the
first time.

Results and discussion

The conjugation efficiency is defined by the
pH value of the ablation medium

As the net charge of peptides and the charge of
laser-generated AuNPs are dictated by the pH
value of their environment [23], conjugation
efficiency will probably also function in depen-
dence of the pH of the ablation medium.
Penetratin is highly positively charged at neutral
pH contributed by basic residues of lysine (K)
and/or arginine (R). The net charge of penetratin
was calculated at various pH values based on
the acid dissociation constants of the individual
amino acids and the C terminus (Figure 1 A)
[24]. Because the N terminus of the peptide is
acetylated, there was no N terminus included in
calculating the pl of 12.8, and only the charged

50-
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Figure 1.: Conjugating AuNP with penetratin: (A) Calculated penetratin net charge and the measured zetapotential of
AuNPs with varying pHs. (B) Percentage of added peptides (5uM) conjugated to AuNPs increases with the pH of the
laser ablation medium. (C) Estimated footprint of bioconjugates generated at pH6 and pH9. (D) Zetapotential of biocon-
jugates decreases in value with augmenting conjugation.
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amino acids (K, R) and the C terminus contri-
buted to the overall peptide charge.

The pH-dependent charge of AuNPs, generated
under our experimental conditions, was esti-
mated by C-potential measurements. The decay
of the {-potential with increasing pH values (Fig-
ure 1 A) confirms data reported in literature,
which describe the partial oxidation of AuNPs
and their successive association by dissociated
water [23,25]. As a result, protonated hydroxyl
groups (—OH,"), non protonated hydroxyl groups
(-OH) and -O" are in equilibrium, whose relative
abundance is dictated by the pH value of their
environment. Under our experimental conditions,
AuNPs hardly show any charge at pH val-
ues < 6; hence -OH is dominant on the AuNPs
surface leading to particle aggregation in the
absence of stabilizing molecules due to the lack
of efficient electrostatic stabilization. At pH val-
ues 2 6 the abundance of -O increases and the
AuNPs global charge is getting increasingly
negative. The conjugation of AuNPs with pene-
tratin was investigated at pH 6 to pH 9, in order
to avoid increased repellence between AuNP
and penetratin at low pHs due to the presence of
some protonated hydroxyl groups at the AuNPs
surface and isoelectric point aggregation and/or
precipitation of the peptide at elevated pHs.
Extreme pHs were furthermore omitted to
achieve better biocompatibility conditions al-
ready during bioconjugate synthesis and reduce
purification steps for biological application.

An augmentation of conjugation efficiency, being
defined as the percentage of total peptides
bound to the AuNPs surface, could be observed
with increasing pHs (Figure 1 B). A possible
explanation might be a dominant non-specific
electrostatical interaction of penetratin with ne-
gatively charged AuNPs at low pHs, demanding
more space than the formation of Au-thiol bonds.
At higher pH, the peptide is slightly losing its
positive charge, which might enhance dative

0,20

binding of penetratin via the sulfide to the posi-
tive gold core (Figure 1 C). Mass spectrometry
measurements (MALDI-TOF) of samples, ob-
tained in pH9, reveal an increased second
peak, having a mass difference of 155 Da com-
pared to the molar mass. This difference corres-
ponds to the nitro-pyridyl sulfide residue, which
is obviously more efficiently cleaved by the
present gold nanoparticles at pH 9 compared to
pH 6, confirming the assumption of an enhanced
dative binding at higher pH (Figure S1 in Sup-
porting Information A.4). The formation of a
mixed disulfide layer of peptide and nitro-pyridyl
sulfide on the AuNPs surface might be the re-
sult, as it has been already reported for gold
substrates in literature [26]. Following bioconju-
gates will be generated at pH 9.
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Figure 2.: UV-Vis spectra of ligand-free and penetratin-
conjugated AuNP generated by laser ablation in water
and in 1 and 5 pM penetratinsolutions at pH 9.
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Figure 3.: Influence of penetratin concentration on size and shape of the nanomarkers: TEM histograms (top) and TEM
images (bottom) of ligand free and penetratin-conjugated AuNP generated by laser ablation in water and in 1 and 5 uM

penetratin solutions at pH9
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Figure 4.: Influence of penetratin concentration on the
Feret diameter (average diameter of primary particles and
aggregates of AuUNP-Pen conjugates).

The C-potential of all bioconjugates shifted to-
wards zero compared to ligand free AuNPs,
generated at the same pH (Figure 1 D). The C-
potential difference increased from +7.4 mV at
pH6 to +16 mV at pH 9, correlating with the
amount of conjugated positively charged pene-
tratin.

Designing AuNP-CPP bioconjugates varying
the penetratin concentration

The design of AuNP-Pen bioconjugates was
characterized after laser-based bioconjugation in
aqueous solutions containing different amounts
of penetratin at pH9. Within less than one
minute of laser ablation, the ablation media were
intensively colored, while a red shift of SPR .
with increasing penetratin concentration was
observed (Figure 2).

In order to estimate the Feret diameter distribu-
tion and shape of the nanomarker, TEM micro-
graphs were recorded and size histograms were
deduced for varied peptide concentrations in the
ablation media (Figure 3 TEM images of biocon-
jugates, generated in 0, 1, and 5 uM penetratin).
Results reveal that there are probably three
effects defining the bioconjugate size and shape
at varied penetratin concentrations during laser
ablation. Among these, the first mechanism is
the documented and known size quenching
effect, appearing during nanoparticle generation
by laser ablation in liquids containing reactive
molecules [23,27].

Here, AuNPs generated in water, show the typi-
cal broad size distribution with an average Feret
diameter of 15 nm, which then starts to decrease
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Figure 5.: Share of deformed AuNPs, estimated by TEM
and UV-vis spectroscopy, and shift in SPRyax in function
of the penetratin concentration in the ablation medium at
pH9. *The share of deformed AuNPs, estimated by TEM
micrographs, was defined as the share of AuNP with a
form factor of less than 0.9. ** The share of deformed
AuNPs, estimated by UV-vis spectroscopy, was defined
as the ratio of the absorbance at 800 and 380 nm.

with increasing peptide concentrations down to
6 nm (Insert Figure 4), where it stabilizes until a
penetratin concentration of 5 uM (Figure 4).

The second effect becomes obvious by regard-
ing TEM micrographs, where the formation of
aggregates is observed for penetratin concentra-
tions higher or equal 5 uM (Figure 3). This effect
seems more specific to peptide-like molecules,
since it is not observed during the conjugation of
nucleic acids [21]. As we observed more aggre-
gation for higher peptide concentrations, the
reason of “bridging” flocculation can be ex-
cluded. The cause might be more likely a reduc-
tion in electrostatic repulsions, which is con-
firmed by the lower {-potential value of bioconju-
gates with increasing peptide concentrations
(Figure S2 of the Supporting Information A.4).
The shift in SPR,,,, follows the formation of ag-
gregates and is therefore dedicated to the de-
crease of the interparticle spacing (Figure 5).
The third effect occurs at penetratin concentra-
tions above 5 uM and results in the decrease of
interparticle spacing and the deformation of
spherical primary nanoparticles (Detailed micro-
graphs of bioconjugate aggregates generated in
5 and 20 uM of penetratin in Figure S3 of the
Supporting Information A.4). This reshaping of
primary particles probably results from a laser-
induced partial melting and subsequent fusion of
AuNPs with low interparticle distances in aggre-
gates, as it has been observed by Mafuné et al.
during irradiation of a mixture of gold and

Table 1.: Summary of nanohybrid surface coverage and particle characteristics. Values are means + standard deviation.

[Penetratin] [uM] drne) drcluster) Zeta Potential [-mV] Penetratin/NP
0 15+£10 - 28+3 -
0.1 7+5 - 26 + 1 10
0.5 613 - 29 £+ 1 24
1 7+3 - 25+ 1 27 2
5 7+4 69 + 38 12+2 43 +6
7.5 8+8 38 + 20 9+5 74
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platinum nanoparticles [28]. As a consequence,
primary particle size, detected by TEM, seems to
re-increase while aggregate size decreases
(Figure 4). For an estimation of the degree of
particle deformation, we calculated the percen-
tage of total AUNP in TEM micrographs having a
form factor (FF) below 0.9. A perfect circle, cha-
racteristic for primary nanoparticles even when
assembled in aggregates, has an FF of 1.0 whe-
reas irregular structures like sintered particles,
deviate from unity towards zero, as their degree
of circularity becomes less perfect [29]. The
resulting graph in function of the peptide concen-
tration correlates well with the described obser-
vations and interestingly also with the ratio of the
absorbance at 800 nm to the absorbance at
380 nm of the SPR spectra (Figure 5). The ab-
sorbance at 800 nm is mainly due to asymmetric
aggregates, while the absorbance at 380 nm is
primarily caused by the interband transition of
gold, being a good parameter for the estimation
of AuNP concentrations. However, for lower
peptide concentrations the correlation was defi-
cient, as estimation by TEM analysis indicated a
higher degree of deformed particles than the
SPR spectra. Possibly AuNPs, generated in the
absence or in the presence of a very low amount
of penetratin, just show a low degree of aggre-
gation in dispersion and form aggregates with
overlapping nanoparticles on the TEM grid due
to drying effects during the preparation for mi-
croscopical analysis and therefore mimic de-
formed particles.

In relevance to biological application, one can
conclude that laser ablation enables the fast
generation of bioconjugates with tunable particle
size and shape. Both parameters have been
reported to determine cellular internalization. For
example two independent groups reported that
the cell penetration of AuNPs by endocytosis is
most efficient for nanoparticle sizes of 40 nm
[10,30]. Additionally, Lee et al. described the

enhanced uptake of AuNP aggregates com-
pared to primary AuNPs of 15 nm in average
diameter [31]. Although the uptake mechanism
of penetratin-conjugated AuNPs might be differ-
ent, one could suggest that the aggregates are
interesting candidates to aid the effective inter-
nalization of nanomarkers. The SPR of the laser-
generated bioconjugates remains sharp until
5 uM, which guarantees a wavelength precise
bioimaging even for aggregates. For higher
peptide concentrations the SPR broadened
(further UV-Vis spectra in Figure S4 of the Sup-
porting Information A.4). The surface coverage
of CPP per AuNP represents an additional prop-
erty, which is tuneable by the concentration of
penetratin in the ablation media (Table 1). Like
nanoparticle size and shape, the surface cover-
age might also have an influence on the cellular
uptake efficiency and mechanism.

Cellular internalization  of
conjugated gold nanomarkers
In order to gain a first insight into the cell pene-
trating properties of femtosecond laser-
generated AuNP-Pen nanomarker, we per-
formed a 2 h co-incubation of bovine endothelial
cells with ligand free AuNPs and AuNPs, conju-
gated to penetratin by in situ conjugation during
laser ablation in 5 pM penetratin. LSCM proved
the outstanding optical properties of AuNP-Pen
aggregates of 70 nm with an average surface
coverage of 43 penetratin per each primary
nanoparticle by determining SPR-enhanced light
scattering at 543 nm with no photobleaching
even after long-term irradiation. Both incubations
showed the successful internalization of AuNPs.
However, the uptake efficiency seems to be
significantly increased by penetratin conjugation.
LSCM evidenced the presence of AuNPs in up
to 100 % of co-incubated cells if the particles
were penetratin-conjugated, while ligand free
AuNP were found in approximately half the cells
(Figure 6). TEM images under-

penetratin-

AuNP-pen (5uM)

lined this fact. The penetratin

LSCM

conjugation  apparently in-
duces a different uptake me-
chanism: while ligand free
AuNPs diffused individually or
in small clusters into the cells
as also previously observed by
Salmaso et al. [32], penetratin-

TEM

W&
-

conjugated AuNPs are accu-
mulated in vesicles. The size,
shape and surface coverage
dependency of uptake effi-
ciency and mechanism of
laser-generated Au-Pen bio-
conjugates should be investi-
gated in future.

1 RGP

;Sum——SSLLm—

Figure 6.: Influence of penetratin conjugation on cellular AuNP internalization:

Representative laser scanning confocal microscopy images (top, red spots
represent the backscatter of AuNPs after excitation at 543 nm) and transmis-
sion electron microscopy images (bottom) of immortalised bovine endothelial
cells (GM7373); from left to right: negative controls, co-incubation with AuNPs
and AuNP-penetratin conjugates for 2 h. The bioconjugates were generated by

laser ablation in 5 uM penetratin.

Conclusion

In situ conjugation during laser
ablation allows the rapid de-
sign of cell penetrating nano-
markers.  Significantly  en-
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hanced penetratin conjugation efficiencies could
be observed at higher pHs while the design of
bioconjugates depends on the peptide concen-
tration during ablation. Thus, AuNPs with differ-
ent particle and aggregate size and peptide
surface coverage could be generated, enabling
the correlation of particle morphology and sur-
face coverage with biological activity, i.e., inter-
nalization efficiency and mechanism. In a prelim-
inary biological application during the recent
work, we could show a successful uptake of
AuNP-Pen bioconjugates, generated in 5 puM
penetratin for the first time. Up to 100 % of co-
incubated cells were marked with penetratin
conjugated AuNP within 2 h.

Experimental section

Generation and bioconjugation of gold na-
noparticles

Laser generation of gold nanoparticles was car-
ried out using a femtosecond laser system (Spit-
fire Pro, Spectra-Physics) delivering 120 fs laser
pulses at a wavelength of 800 nm (maximum
energy: 400 uJ per pulse, beam diameter:
4 mm). The pulse energy and the distance of a
40 mm lens to the target’s surface, referred to
focal position, were fixed to 100 pJ and -1 mm at
a repetition rate of 5kHz. The focus in air is
defined as the 0 focal position. The principle set-
up is described as follows: A 5x5 mm gold foil
(thickness: 0.1 pm, purity>99.99 %; Goodfellow
GmbH) thoroughly cleaned, was placed on the
bottom in a well of a 48-well plate, filled with
500 uL  double-distiled  aqueous  solution
(ddH,0) of penetratin (0.0; 0.1, 0.5; 1; 5; 7.5 and
20 uM) (Scheme 1). The activated penetratin
((Ac)NPys-CRQIKIWFQNRRMKWKK(Ac)), fea-
turing a pyridyl disulfide (NPys) function at its N-
terminal end with high affinity towards gold was
purchased at MP Biomedicals. As it has been
previously reported that it is not necessary to
disrupt the disulfide bond with a reducing agent
to get self-assembly processes onto gold sub-
strates [26], the peptide was directly added to
the ablation medium prior to the laser process.
The well plate was then placed on an axis-
system that moved at a constant speed of
1 mms™ in a spiral with outer radius of 1 mm and
inner radius of 0.4 mm. Time of irradiation was
fixed to 53 s (corresponding to one spiral).

Bioconjugate characterization

Zetapotential measurements were performed
with the Zetasizer ZS (Malvern). Typically
200 pL of the colloid were added to 800 pL wa-
ter and the resulting dilution was injected into the
electrophoretic cell. Three consecutive mea-
surements were carried out and mean values
are presented.

The conjugation efficiency was evaluated by the
percentage of the total amount of peptide conju-
gated to AuNP. Therefore the amount of uncon-
jugated penetratin was measured by UV-Vis
spectroscopy (Shimadzu 1650) at 280 nm after
separation of bioconjugates from remaining

activated penetratin (pen)

& i
o

‘CRQIKIW FQNRRMEWKK(Ac)

laser ablation AuNP-pen conjugate
Scheme 1.: In situ bioconjugation of AuNPs with the cell
penetrating peptide penetratin during laser ablation in

liquids

unconjugated penetratin by centrifugation for
30 min at 40.000 g. Intensities were converted to
molar concentrations by interpolation from a
linear standard calibration curve. Standard
curves were prepared with known concentra-
tions of penetratin.

The average number of penetratin per AuNP
was obtained by dividing the penetratin concen-
tration, deduced by taking the difference of the
total and the measured peptide concentration in
the supernatant, by the original AUNP concentra-
tion. Normalized surface coverage values were
then calculated by dividing the estimated particle
surface area (assuming spherical particles) in
the nanoparticle suspension.

MALDI-TOF of conjugates was performed at
Stiftung Tierarztliche Hochschule, Rinderklinik
(Prof. Dr. H. Bollwein, Dr. M. Ekhlase-
Hundrieser) with Kratos Kompact MALDI 2. One
microliter of a-cyano-4-hydroxycinnamic acid
matrix was mixed with 1 uL of the sample and
dried prior to analysis.

UV-Vis spectra of the colloidal solutions were
recorded in the spectral region 230-800 nm
(Shimadzu 1650).

All transmission electron micrographs were reg-
istered at Stiftung Tierarztliche Hochschule,
Institut fir Pathologie (Prof. Dr. W. Baumgéartner,
Kerstin Rohn) utilizing an EM10 C electron mi-
croscope. In case of the colloidal solution one
drop was placed on a carbon coated, formvar
covered copper grid and dried at room tempera-
ture. Given diameters are averaged over at least
500 AuNPs. The form factor (FF) is calculated
by the following equation, FF= 4A/p> where A
is the area and p the perimeter of each AuNP.

Cell culture and co-incubation with nanopar-
ticles

The cells used in the studies were derived from
a bovine immortalized endothelial cell line
(GM7373 [33]), obtained from the Cell culture
Collection, Institute of Infectology, FLI, Riems,
Germany). All experiments were carried out in
six-well-dishes (TPP AG, Trasadingen, Switzer-
land). Cells were seeded in Dulbecco’s modified
Eagle’s medium (DMEM; PAA Laboratories
GmbH, Pasching, Austria) supplemented with
10 % heat-inactivated fetal bovine serum (Invi-
trogen, Karlsruhe, Germany) and 1 % penicil-
lin/streptomycin  (PAA Laboratories GmbH,
Pasching, Austria) and allowed to attach and
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grow at 37°C in a humidified 5 % CO, atmos-
phere. After 24 hours new medium was added,
this time however lacking the antibiotics. Follow-
ing another 24 hours the medium was replaced
again by DMEM alone or DMEM including
AuNPs with or without Penetratin in a final con-
centration of 50 uM Au and then incubated for
further 2 hours. All experiments were carried out
in duplicates and repeated three times.

Cell preparation for LSCM-analysis

Generally cell preparation for LSCM corre-
sponded to previously described trials [34]. In
short, after detachment and fixation in 0.5 %
paraformaldehyde (Merck KGaA, Darmstadt,
Germany) cells were mixed 1:4 with Vectashield
(Vector Laboratories Inc., Burlingame, USA) and
mounted on a slide within a paper reinforcement
ring, in order not to flatten the cells by the sub-
sequently placed cover slip, which was fixed
onto the slide with nail varnish. Visualization by
LSCM was performed using an Axioplan 200
and a confocal imaging system LSM510 (Carl
Zeiss Microlmaging GmbH, Jena, Germany)
within the spectrum of visible light. A Helium-
Neon-Green laser of 543 nm was used to excite
the surface plasmon resonance of the gold na-
noparticles.

Cell preparation for TEM analysis

Cells to be used for TEM examinations were not
detached but fixed adhered to the bottom of the
six-well-dishes with the aid of 2 ml of 2 % gluta-
raldehyde (Sigma Aldrich, Schnelldorf, Germa-
ny) in Dulbecco’s Phosphate-buffered Saline
(PBS; Sigma-Aldrich Chemie GmbH, Steinheim,
Germany), in which they remained at 4°C until
further processing. The thus fixed cells were
prepared for electron microscopy essentially as
previously described [35] with slight modifica-
tions. Briefly, the cell culture was rinsed in 0.1 M
cacodylate buffer (pH 7.4), then postfixed in 1 %
(v/v) osmium tetraoxide, rinsed again in cacody-
late buffer, dehydrated with increasing concen-
trations of ethanol and subsequently embedded
in Epon. The prepared cell layer was trimmed
and processed for standard transmission ultra-
structural examination.
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6. Up-scale of the laser-based bioconjugation

The in situ bioconjugation during fs LAL has so far been established in a batch system.
This approach evolved as a powerful tool for the simple generation of conjugated
AuNPs for biological testing, but when aiming at an industrialization of the process, this
approach might have some limitations with regard to NP productivity. Although the ab-
lated mass increases with ablation time, the slope referring to NP productivity is de-
creasing continuously. This tendency is illustrated in Figure 6.1 at the example of AUNP
generation in an aqueous solution of ssO by fs LAL with a pulse energy of 100 pJ at
various focal positions (numbers are referred to the determined focal position in air; for
further data see Supporting Information A.1). One observes that within ten minutes the
ablation rate drops by more than 50 %.
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Figure 6.1.: Ablated mass and productivity as function of the ablation time for AUNP generation
in an aqueous solution of ssO by fs LAL.

This fact is probably due to light scattering and absorption of AuNPs dispersed in the
liquid with incident laser pulses. The resulting shielding effect of the colloidal particles
causes the observed continous decrement of ablation efficiency and rate with time. The
interference of present AuNPs with laser radiation when reaching a certain threshold
intensity, might furthermore provoke the formation of a nanoplasma or even the frag-
mentation of AuNPs. In dependence of their binding strength and length, the stabili-
ty/integrity of stabilization or functionalization agents would be possibly also affected.
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This risk of degradation should be one major concern especially for in situ bioconjuga-
tion. Our experiments with AuUNP generation by fs LAL in an aqueous ssO solution con-
firm this assumption. The maximal achieved nanoparticle yield and the degradation
rate of ssO follow the same trend as function of the focal position (Figure 6.2). Further
proof was given in our own paper, included in the thesis [3], showing a linear correla-

tion of the degradation rate and the maximal NP yield.
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Figure 6.2.: Maximal nanoparticle productivity and degradation rate of ssO in function of the
focal position during in situ bioconjugation of ssO with AuNPs.

Thus, although the AuNP yield can be generally enhanced by applying higher pulse
energies and/or optimized focusing conditions, the applicable conditions for in situ bio-
conjugation during laser ablation are limited by the thermosensitivity of the added bio-
molecule.

In summary, the absence of high amounts of NPs during in situ bioconjugation would
probably allow higher ablation efficiencies in general and the application of higher pulse
energies, furthermore aiming at higher NP yields. The removal of the NPs from the
laser active volume directly after their generation should thus significantly enhance NP
production rates. In this context, the paper in chapter 6.1 deals with the application of a
flow chamber, providing a liquid flow of biomolecules for the transportation of NPs from
their region of generation. SsO served as a model substance in order to compare with
previous results (own paper included in the thesis [3]). We observed, that increasing
flow rates allowed the application of higher pulse energies without provoking degrada-
tion of ssO. Thus the invented flow chamber concept allows higher production rates of
AuNPs without risking a reduction in bioconjugate quality.
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6.1. In situ bioconjugation in stationary liquid and in liquid flow
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In situ bioconjugation in stationary media and in liquid flow by
femtosecond laser ablation

Csaba LaszI6 Sajti, Svea Petersen, Ana Menéndez-Manjén, and Stephan Barcikowski

Laser Zentrum Hannover e.V., Hannover, Germany

Abstract

In situ functionalization of gold nanoparticles with fluorophore-tagged oligonucleotides is studied by
comparing femtosecond laser ablation in stationary liquid and in biomolecule flow. Femtosecond
laser pulses induce significant degradation to sensitive biomolecules when ablating gold in a statio-
nary solution of oligonucleotides. Contrarily, in situ conjugation of nanoparticles in biomolecule flow
considerably reduces the degree of degradation studied by gel electrophoresis and UV-Vis spectro-
metry. Ablating gold with 100 pJ femtosecond laser pulses DNA sequence does not degrade, while
degree of fluorophore tag degradation was 84 % in stationary solution compared to 5 % for 1 mL/min
liquid flow. It is concluded that femtosecond laser-induced degradation of biomolecules is triggered
by absorption of nanoparticle conjugates suspended in the colloid and not by ablation of the target.
Quenching of nanoparticle size appears from 0.5 uM biomolecule concentration for 0.3 pug/s nanopar-
ticle productivity indicating the successful surface functionalization. Finally, increasing liquid flow rate
from stationary to 450 mL/min enhances nanopatrticle productivity from 0.2 pg/s to 1.5 pg/s, as in-
creasing liquid flow allows removal of light absorbing nanoparticles from the ablation zone, avoiding

attenuation of subsequent laser photons.

Introduction

Nanoparticles, especially plasmonic materials
such as gold nanoparticles characterized by
highly enhanced resonant absorption and scat-
tering properties, are particularly useful in cell-
targeted drug delivery [1], high resolution bio-
imaging [2,3], biomedical diagnostics and thera-
peutics [4] when conjugated with functional mo-
lecules (e.g., oligonucleotides). During the last
decade, a variety of methods for gold nanopar-
ticle preparation have been established. Among
these, the standard chemical synthesis is based
on the reduction of Au(lll) in presence of reduc-
ing agents such as citrate [5] or sodium borohy-
dride [6] and stabilizing ligands, while bioconju-
gation was described by directly adding conjuga-
tive agents during the reduction process. These
chemical techniques might have a critical draw-
back involving the use of chemical precursors
and reducing agents requiring a purification
procedure where residual ligands limit subse-
quent conjugation.

Pulsed laser ablation in liquids (PLAL) is a re-
cently emerged alternative single step approach
enabling size-controlled generation of stable
nanoparticle colloids [7-10] with outstanding
purity and novel surface chemistry not reproduc-
ible by any other conventional manufacturing
route. Recently, Sylvestre et al. revealed the
presence of the oxidation states Au™ and Au®*
besides the metallic Au® due to partial oxidation
of the nanoparticles in aqueous media [9]. Ow-
ing to this partial oxidation, laser-generated gold
nanoparticles act as electron acceptors; hence,
they are easily coordinated by molecules bear-
ing electron donor moieties as thiol, amine or
carboxyl groups added to ablation media prior
(in-situ conjugation) or after (ex-situ conjugation)
the laser process. However, we recently pub-
lished that in-situ conjugation leads to about four

times higher conjugation efficiency than ex-situ
functionalization [11].

Although ultrashort-pulsed laser present a prom-
ising tool for in situ bioconjugation, due to mi-
nimal thermal impact to ablated material and
surrounding media when ablating with laser
fluences close to the ablation threshold [12], it
has been already shown to induce similar resi-
dual thermal effects as nanosecond lasers in the
high fluence regime [13]. Furthermore, femtose-
cond pulses have been already found to melt
and photothermally reshape ablated gold nano-
particles in water [14] and also to induce certain
degradation to gold conjugates, however the
degradation mechanism still remains unclear
[15].

In this paper, we describe the in situ conjugation
of gold nanoparticles with oligonucleotides by
ultrashort-pulsed laser ablation in stationary
liquid and in a controlled biomolecule flow. De-
gree of biomolecule degradation was quantita-
tively investigated and the possible mechanisms
of femtosecond laser-induced DNA degradation
are discussed and show the trade-off between
quality and nanoparticle production rate.

Experimental details

Nanoparticle generation method

Ultrashort PLAL was carried out using a com-
mercial femtosecond laser system (Spitfire Pro,
Spectra-Physics) delivering 120 fs laser pulses
with 5 kHz repetition rate at a central wavelength
of 800 nm. Laser irradiation was focused onto
the surface of a 100 um thick gold foil (Goodfel-
low GmbH) merged into 4 mm of liquid layer.
During nanoparticle generation the ablation
chamber was continuously moved with a three
axis positioning system (3D Microcac) providing
constant lateral speed of 1 mm/sin a spiral abla-
tion pattern.
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Figure 1.: Schematic illustration of the in-situ bioconjugation in (A) stationary liquid and (B) in biomolecule flow by fem-

tosecond laser ablation.

Two experimental concepts were utilized, per-
forming laser ablation in stationary liquid and in
biomolecule flow, presented schematically in
Figure 1. Ablation in a stationary liquid was per-
formed in a glass vessel filled with 500 pL of
aqueous solution (H,O>18 MQcm, Millipore) of
thiolated single stranded oligonucleotides (ssO).
In a second experimental arrangement gold
nanoparticle ssO conjugates were synthesized
in a controlled oligonucleotide flow generated by
a digital syringe pump (NE-300, New Era) using
a self-constructed flow chamber presented in
Figure 1 B.

Characterization techniques

Degree of degradation was investigated by gel
electrophoresis and by UV-Vis absorption in the
spectral region of 220-800 nm (Shimadzu 1650),
of gold nanoparticles functionalized by a thi-
olated ssO sequence (5’cta-cct-gca-ctg-taa-gca-
ctt-tg-3’, Mod. 5’:C6-Disulfide, Biospring GmbH)
and by ssO sequence tagged by Cy5 fluoro-
phore (Cy5-ssO 5’agc-aca-tct-cgg-tce-ctg-3’,
Mod. 3’ Ce6-Disulfide, Mod. 5 Cy5, Purimex
DNA/RNA Oligonucleotides), respectively. The
ablation media after nanoparticle generation
were treated with 5 mM aqueous dithithreitol-
solution (DTT) to displace surface bound ssO via
an exchange reaction and induce nanoparticle

aggregation as consequence. This method
80
1 —8— Feret diameter r‘
45 —&— Hydrodynamic diametel

Nanoparticle diameter [ nm ]
¥

T T T T 7/ T
1 2 3 4 5 1o
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guarantees that both conjugated and unconju-
gated ssO are analyzed quantitatively. The ssO
containing ablation media were loaded on a
20 % denaturing polyacrylamide gel, run for
3 hours at 300 V and silver stained. To quantify
the integrity of ssO after irradiation, we com-
pared the intensity of intact ssO band with the
intensity of the ssO band prior to nanoparticle
generation. To visualize the bands, gels were
stained and developed using FastSilver (G Bios-
ciences, USA). Scans of resulting stained gels
were analyzed with Image J software. Biomole-
cule degradation was also quantified by the Cy5
absorption band at 648 nm by UV-Vis spectro-
metry. For this purpose, the ablated colloids
were first treated by DTT, and in a next step gold
nanoparticles were forced to agglomerate by
200 mM aqueous NaCl solution. After 10 mi-
nutes of centrifugation at 5000 rpm the absorp-
tion spectrum of Cy5-ssO containing superna-
tant were analyzed. Size measurements were
performed by dynamic light scattering (DLS,
Zetasizer ZS Malvern Instruments) and by
transmission electron microscopy (TEM, EM
10C Zeiss), while nanoparticle production rate
was determined by differential weighing of the
target by a precision micro-balance (Sartorius
M3P) via the estimation that no material was
attached on the process chamber wall.

! -
10 nm
200 nm 200 nm

Figure 2.: Influence of oligonucleotide concentration on the hydrodynamic and Feret diameters of laser-generated
bioconjugates (left) and TEM images of pure gold nanoparticles (A) and bioconjugates synthesized by 0.1 uM (B),

0.5 uM (C) and by 5 uM (D) biomolecule concentration.
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Figure 3.: (A) Gold nanoparticle productivity and (B) corresponding degree of oligonucleotide degradation in function of
the focused laser pulse energy determined by gel electrophoresis using 3 uM DNA concentration

Results and discussion

During laser ablation, the ejected material is in a
chemically extremely active state of growth and
it is well known that nanoparticle size can be
significantly influenced by the amount of conju-
gative agents in solution. Figure 2 A shows the
Feret and hydrodynamic diameters of nanopar-
ticle bioconjugates in function of the ssO con-
centration obtained by 100 uJ of pulse energy in
stationary liquid. Reciprocal dependency of pri-
mary nanopatrticle size on the concentration of
ssO was clearly revealed. That is in good
agreement with data obtained in a previous
study for conjugation with dodecanthiol in hex-
ane [16]. The significant difference between
nanoparticle size by TEM and DLS is due to the
fact that hydrodynamic size of nanoparticles is
strongly affected by the presence of DNA mole-
cules and by solvation of conjugates. It seems
that a critical concentration of ssO is required to
achieve a significant growth quenching. As the
concentration falls below 0.5 uM, agglomerates
are detected which could also be visualized by
the quotient of the plasmon resonance spectrum
at 800 and 380 nm. Ablating with higher ssO
concentrations no further size decrease was
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observed and a plateau in both Feret and hydro-
dynamic particle size appeared. TEM micro-
graphs also confirmed this tendency (Fig-
ure 2 B).

As known from literature, ablation efficiency and
nanoparticle yield increase with pulse energy,
although at the same time, heat impact to ma-
terial and the risk of molecule degradation also
increases [17]. Process window of negligible
degradation of biomolecules with highest abla-
tion rate have to be identified. We thus ex-
amined nanoparticle productivity at focal position
with different pulse energies in stationary 3 uM
ssO solution and studied oligonucleotide degra-
dation by gel electrophoresis in parallel, shown
in Figure 3 A and 3 B, respectively. Nanoparticle
productivity increased with pulse energy, reach-
ing 1 pg/s with 200 pd focused laser pulses cor-
responding to about 8x10'' conjugates per
second with average size of 5 nm. This yield is
higher than the one obtained by femtosecond
PLAL of gold in pure water being only 0.2 ug/s
or about 6x10° nanoparticles per second consi-
dering an average particle diameter of 15 nm. As
published earlier, ablating in water gold nanopar-
ticles tend to redeposit on the target's surface
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Figure 4.: (A) Absorption spectrum of nanoparticle bioconjugates (DNA ~ 260 nm, gold nanoparticle ~ 523 nm, fluoro-
phore tag ~ 648 nm) ablated with 100 uJ pulse energy in stationary liquid and in biomolecule flow. (B) Degree of Cy5-
labeled oligonucleotide degradation at 648 nm in function of laser pulse energy.
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after ablation, whilst during in situ functionaliza-
tion they remain in the solution, enhancing pro-
duction rate of colloidal particles [16]. Besides
enhanced ablation rate, degree of oligonucleo-
tide disintegration also increases with pulse
energy, presented in Figure 3 B. After one
minute of ablation, no degradation of ssO was
observed up to 100 yJ focused pulse energy,
followed by a rapid increase in photo/thermal-
induced cleavage of DNA sequences. Ablation
with 200 yJ femtosecond laser pulses causes
significant degradation of about 22 %. As al-
ready published, activation energy of heat-
induced DNA depurination followed by cleavage
of nearby phosphor-diesters is 127 kJmol™
[17,18]. We roughly estimated the molar energy
density in the vicinity of the focus position to be
6.8 GJem™mol” considering 200 uJ pulse ener-
gy, 50 ym focal diameter and 3 uM concentra-
tion in a total volume of 500 yL, neglecting the
nonlinear absorption cross-section of DNA for
800 nm as it is not yet published. Due to the fact
that this high amount of energy is deposited
within the time scale faster than the electron
phonon coupling, being about 4.7 ps for gold
[19], fabricating nanoparticles with femtosecond
laser ablation close to the ablation threshold
remains a cold process and laser energy seems
to be mainly deposited at the gold target.

In order to investigate whether the laser ablation
itself, or the presence of nanoparticles trigger
biomolecule degradation during femtosecond
PLAL, we ablated gold in the presence of 1.5 yM
Cyb-tagged ssO with various pulse energies in
stationary solution and in biomolecule flow and
studied the main absorption peak of Cy5 at
648 nm. Figure 4 A clearly demonstrates the
difference between reference biomolecule spec-
trum and absorption spectra obtained by the two
experimental concepts using 100 pJ pulse ener-
gy. It was clearly revealed that femtosecond
laser ablation in stationary Cy5-ssO media in-
duces drastic degeneration to the fluorophore
tag, while ablation in a biomolecule flow with
same laser parameters minimizes degradation.
In the spectra of bioconjugates, besides the
principal peak and by-peak of Cy5 at 648 nm
and 604 nm respectively one observes a second
band at 260 nm. This transition results from the
electronical shifts in purines and pyrimidines
contained in the oligonucleotide. Figure 4 B
depicts quantitatively the degree of Cy5-labeled
oligonucleotide degradation at 648 nm in func-
tion of laser pulse energy and liquid flow rate. As
expected, degree of degradation reduces consi-
derably with higher flow rates. Since only the
total residence time of ablated species in the
ablation zone is varied by the liquid flow rate, we
assume that biomolecule-fluorophore disintegra-
tion by femtosecond laser irradiation is mainly
induced and amplified by absorption and scatter-
ing of subsequent laser beam on previously
ablated, suspended nanopatrticles/nanoparticle
conjugates in the colloidal solution and not trig-
gered directly by the ablation itself. Applying

100 yJ focused laser pulses for 1 minute, de-
gree of Cy5-ssO degradation was measured to
be 84 % for gold ablation in stationary oligonuc-
leotide solution, 20 % using 0.5 mL/min biomo-
lecule flow and only 5 % using 1 mL/min flow
rate. Using 1 mL/min of liquid flow, the ablated
species are estimated to leave the vicinity of the
focal point in the time scale of about a few mi-
croseconds, hence faster than the time constant
determined by the laser repetition rate (200 us).
We thus assume that not ideal laminar liquid
flow results in convection of nanoconjugates into
the entire volume of the ablation chamber (about
100 pL), and they might be further reirradiated
with subsequent laser pulses, resulting in a
small degree of biomolecule degradation.
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Figure 5.: Gold nanoparticle productivity in water in
function of liquid flow velocity using 100 pJ focused laser
pulse energy.

Besides the prevention of photo-degradation,
increasing liquid flow rate was found to lead to
an important rise of nanoparticle productivity
using 100 pJ, presented in Figure 5. For this
purpose, we utilized a high power peristaltic
pump (PD 5001, Heidolph Instruments). Raising
liquid flow speed from stationary to 450 mL/min
resulted in a significant increase of nanoparticle
production rate from 0.2 ug/s to 1.5 pg/s, re-
spectively, while we did not observe significant
variation in nanoparticle size and thus assumed
that fragmentation might take place under longer
post-irradiation times. Ablation rate increased
about logarithmically with the outflow velocity
and it seems to begin to saturate at 450 mL/min.
Without liquid drain/flow, the ablated nanopar-
ticles disperse slowly into the entire liquid. Thus
after each ablation sequence a dense particle
cloud is ejected characterized by a relatively
long residence time in front of the target leading
to significant absorption of the subsequent laser
pulse.

Conclusion

Femtosecond laser ablation of gold in aqueous
solution of thiolated oligonucleotides was estab-
lished as a powerful single step approach to
conjugate oligonucleotide sequences to gold
nanoparticles in situ. Quenching of nanoparticle
size appeared from 0.5 uM biomolecule concen-
tration for 0.3 ug/s nanoparticle productivity



6. Up-scale of the laser-based bioconjugation

clearly indicating the successful surface functio-
nalization. Quantitative investigation of biomole-
cule signals by gel electrophoresis and UV-Vis
spectrometry of Cy5-tagged oligonucleotides
revealed that generation of bioconjugates in
stationary liquid is drastically limited by laser
pulse energy as significant degradation occurs
during ablation. Functionalization of nanoparticle
surface in a biomolecule flow with equal laser
parameters radically reduces the degree of de-
gradation even for high laser fluences. Ablating
gold with 100 ud focused laser pulse energy,
integrity of oligonucleotides was 16 % for statio-
nary and 95 % for 1 mL/min oligonucleotide flow.
We assume that femtosecond laser-induced
photo-degradation of biomolecules is mainly
caused by absorption/scattering of subsequent
laser beam by colloidal nanoparticle conjugates.
Increasing liquid flow rate from stationary to
450 mL/min allowed the prompt removal of na-
noparticles from the ablation zone, resulting in a
significant increase of nanoparticle production
rate from 0.2 ug/s to 1.5 ug/s, during femtose-
cond laser ablation in water with 100 uJ laser
pulses.
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7. Summary and outlook
Summary

Gold nanomarkers cover a broad range of biomedical applications, including biological
sensing and diagnosis, while each of them requires a specific design of the nanosys-
tem. Meeting this demand, the thesis at hand evidences the applicability of femtose-
cond laser ablation in liquids (fs LAL) for the simple and rapid bioconjugation of gold
nanoparticles (AuNPs) with nucleic acids and peptides. Results of bioconjugate and
process characterization show how this method can possibly facilitate the required ex-
perimental search of an adequate nanoparticle design for each biological purpose. This
also includes the investigation of the suitability of laser-generated AuNPs with novel
surface chemistry for biomedical applications. Moreover, with regard to industrializa-
tion, one possible approach for the upscale of bioconjugation during fs LAL has been
presented.

Femtosecond laser ablation of a gold foil in water results in ligand-free, positively
charged and therefore electrostatically stabilized AuNPs, representing a new class of
nanoparticles for biomedical applications compared to chemically derived AuNPs. The
surface chemistry of AuNPs is known to dictate some biomedically relevant properties,
as biocompatibility and cellular internalization. Biocompatibility of laser-generated
AuNPs towards cells and other biomolecules could be evidenced in this thesis. A co-
incubation performed with recombinant eGFP-C1-HMGB1 expression plasmids and
subsequent transfection into mammalian cells does not seem to alter the protein ex-
pression and the protein functionality (DNA binding), while the presence of AuNPs
seems to have a significantly positive effect on the transfection efficiencies. The ob-
served effect was size-dependent: medium-sized AuNPs enhanced transfection effi-
ciency nearly by the factor of 6. Moreover, their co-incubation with cells of a bovine-
immortalized cell line seems to impair cell viability only at doses that clearly exceed the
amounts needed for the marking of cellular features, as determined by fluorescence
activated cell sorting (FACS) analyses as well as immunohistochemical and colorime-
tric assays. Interestingly, LSCM, proving the known optical properties of AuNPs (high
quantum yield, no photobleaching) and TEM analysis indicate the presence of a proba-
bly passive non-endocytic cellular membrane translocation. This is contrary to the fre-
quently reported localization of chemically-derived AuNPs in intracellular vesicles. In
conclusion, with regard to biocompatibility, visualization and cellular internalization,
ligand-free AuNPs produced by fs LAL seem promising candidates to become a new
generation of biomarkers.
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Their required bioconjugation is achievable in situ, i.e., simultaneously to their genera-
tion, making fs LAL an interesting approach to bioconjugates for screening purposes.
As a first model bioconjugation, the immobilization of thiolated ssO on AuNPs was in-
vestigated. In this regard, thiolated ssO were added to an aqueous ablation medium
prior to ablating a gold foil by fs LAL. Since the resulting AuNPs act as electron accep-
tors (Lewis-acid), they are easily coordinated by molecules bearing electron donor
moieties (Lewis-base) as NH,, COOH etc. as most biomolecules do. The introduction
of a thiol group gives a higher control of conjugation, as the binding to the AuNP sur-
face will mostly occur by Au-S bonds due to the soft Lewis character of both gold and
sulfur. This novel approach was discussed with regard to optimal laser and process
parameters, which were evaluated concerning integrity of biomolecules and productivi-
ty of NP generation. Results reveal that the synthesis of 20 pg of ssO-functionalized
AuNPs, sufficient for one or two biological tests, can be achieved in less than one
minute without degradation of ssO, proved by gel electrophoresis. Furthermore, we
investigated the applicability of the method for the design of peptide-conjugated
AuNPs. The cell penetrating peptide penetratin, featuring a pyridyl disulfide (NPys)
function at its N-terminal end with high affinity towards gold was chosen for specific
functionalization. Using parameters evaluated before, similar NP productivities were
observed and the bioactivity of the conjugates could be evidenced in a preliminary bio-
logical application showing a significant increase in uptake efficiency compared to
AuNPs, obtained by laser ablation in water. The uptake mechanism is supposed to be
of micropinocytotic nature, supported by TEM analysis at different incubation times

Besides biomolecule integrity, the quality of bioconjugates was moreover discussed
with regard to bioconjugate size. In this matter, the novel preparation method proved to
take advantage of the purity of NPs generated by fs LAL without the use of chemical
precursors, and the tendency of dispersed additives to coordinate to embryonic par-
ticles quenching their growth. The bioconjugate size hence dependends on the biomo-
lecule concentration present during fs LAL. For ssO, we observed a decrease in NP
size with increasing ssO concentration until stabilization was reached at 0.5 uM. For
the peptide penetratin, this size quenching effect was also detected, but in this case it
was followed by the formation of aggregates, observed for penetratin concentrations
higher or equal 5 uM, probably due to a reduction in electrostatic repulsions as combi-
nation of negatively charged AuNPs and positively charged penetratin. With even in-
creased penetratin concentrations, the decrease of interparticle spacing in the aggre-
gates and the deformation of spherical primary NPs were determined. This reshaping
of primary particles probably results from a laser-induced partial melting and subse-
quent fusion of AuNPs with low interparticle distances in aggregates. Hence, bioconju-
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gates with different degree of aggregation could be generated, which might be of inter-

est for an enhanced cellular internalization.

We also addressed the surface coverage of biomolecules on nanoparticles derived by
fs LAL. In both cases (ssO and penetratin) we could show a biomolecule to nanopar-
ticle ratio dependency, allowing the fabrication of bioconjugates with varying degrees of
bioactivity. The surface coverage of penetratin on AuNPs was furthermore influenced
by the pH of the ablation medium. Higher pH values resulted in increased surface co-
verages, probably due to the decreased electrostatic attraction of AuUNPs and penetra-
tin and the resulting enhanced thiol-mediated binding. For the ssO-conjugated AuNPs
obtained by in situ bioconjugation, up to five times higher maximal surface coverage
values were observed in comparison to AuNPs obtained by conventional CRM and
subsequent ligand exchange reaction. An ssO binding in an end-on mechanism via
weak covalent thiol-Au bonds was hence proposed with a space capacity dirigism. The
observed high surface coverage values provide the AuNPs with one essential prere-
quisite for biomedical assays, which is the high stability in saline solutions. Moreover,
they show that in situ bioconjugation during fs LAL is an efficient approach in terms of
biomolecule yield. Up to 90 % of the total amount of ssO conjugates to AuNPs resulting
in surface coverages of ssO per NP in the range of reported values in the literature.
However, it has to be noted that conjugation efficiency seems to be higher during in
situ conjugation than during ex situ conjugation. Activity of NPs (surface activity, kinetic
energy, etc.) at the time of conjugation might be different in the two processes, possibly
leading to this difference in the strength of interaction. Irrespective of this finding, one
could conclude that the high conjugation efficiencies make in situ bioconjugation during
fs LAL especially interesting for precious biomolecules.

In this context, we have demonstrated the suitability of laser-ablation-based in situ bio-
conjugation of AuNPs with two different functional aptamers: one DNA aptamer di-
rected against streptavidine and one RNA aptamer directed against PSMA. A high de-
gree of aptamer activity was determined on AuNP surface, which verifies that there is
no heat-induced denaturation of the aptamer during LAL. We have proven the functio-
nality of conjugates by three different methods (agglomeration-based assay, dot blot
assay, tissue microarray) indicating the broad applicability of aptamer-conjugated
AuNPs for analytical applications even in highly demanding bioimaging assays.

In conclusion, the established in situ bioconjugation is a fast and simple one-step ap-
proach to pure conjugated AuNPs with high conjugation efficiency. Results indicate that
this novel approach is applicable to a broad range of biomolecules and even different
NP core materials could be envisaged.
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NP productivity is satisfactory for research purposes, but a high throughput production
of large amounts of bioconjugates is limited by laser pulse energy as higher pulse
energies entail significant degradation of added biomolecules during ablation. As we
could show that biomolecule degradation is even more enhanced in the presence of
AuNPs, we assumed that functionalization of AuNPs in a biomolecule flow represents
an alternative approach, enabling higher NP productivities without compromising bio-
conjugate quality. Depending on the pulse energy and the flow rate, we could thus de-
crease degradation by up to 83 %. This allows the use of higher pulse energies, result-
ing in increased NP productivities, which might be furthermore enhanced by the flow
itself, reducing the shielding of the laser beam by present AuNPs.

Outlook

The in situ bioconjugation during LAL has been well established and characterized for
the fabrication of AuUNPs conjugated to either NAs or peptides. But some biomedical
applications would demand the functionalization of NPs by more than one molecule.
Two approaches aiming at least multifunctional nanoparticle bioconjugates are con-
ceivable by the established batch process. One could for example simply add all func-
tional molecules to the ablation medium prior to the laser process. If the added mole-
cules have a similar affinity to gold, obtainable surface coverages should theoretically
be dictated by their concentration ratio. But similar affinity demands similar molecules,
which is probably not often the case. It is more likely that one functional molecule has a
higher affinity to gold than the other. As consequence, it will preferentially coordinate to
gold and obtainable surface coverages are arduous to predict. The second approach
involves a subsequent ex situ conjugation after in situ conjugation. Taking the example
of ssO and peptide conjugation, ssO could be added to the ablation medium prior to
the laser process at a concentration allowing NP size stabilization at an average sur-
face coverage. Due to our results, an ssO to AuNP ratio of 20 results in size-stabilized
bioconjugates with a surface coverage of one-fifth of the maximum. Hence, 80 % of the
surface would in theory still be available for peptide ex situ conjugation. For this ap-
proach it might be of advantage if the more affine molecule is used during in situ conju-
gation in order to reduce the risk of ligand exchange during ex situ conjugation.

However, as we could already show in the last part of the thesis that in situ bioconjuga-
tion during LAL in liquid flow allows higher production rates compared to the batch sys-
tem, multifunctionalization might be also envisaged in this reactor design. One can im-
agine adding several biomolecules by separated channels before and after the genera-
tion (Figure 7.1).
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A further improvement of this approach with regard to NP productivity would be the
addition of one or more biomolecules via one or more channels after NP generation.
Thus none of the biomolecules will cross the laser-active volume and the risk of degra-
dation should be negligible as consequence. However, injecting the biomolecule solu-
tion(s) after NP generation would demand an exact knowledge of the time scale of NP
growth and aggregation. For instance, when injecting too late, the obtained NP size
distribution is possibly broader than the one obtainable by in situ bioconjugation. But
from a different point of view, this channel-assembly might also help in resolving time
scales of NP growth and aggregation.

This approach could possibly allow real high throughput bioconjugate fabrication. The
applicable pulse energy will then be limited by the laser system itself. Having in mind
the actual power limit of fs lasers at around 400 W (for comparison: the average power
of the applied laser system during this thesis is 2 W), one could imagine the so far un-
used potential.

Laser generation NP-ss0 Nanoparticle —ssQ/CPP
of NP conjugate conjugate

°f o
Water 46_’ o—> 5 53 —» ] 0
? Functional ssO CPP Antibody/Aptamer/
sequence

a

Figure 7.1.: Concept of multifunctionalization of laser-generated NP in liquid flow. [Own Patent:
Verfahren und Vorrichtung zur Herstellung metallhaltiger organischer Verbindungen,
PCT/EP2009/059116 (July 15th 2009)]
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A. Supporting Information

A.1. In situ bioconjugation - Single step approach to tailored na-
noparticle bioconjugates by ultrashort-pulsed laser ablation

Chemicals

Chemicals were purchased from Fluka Chemie AG (D-82024 Taufkirchen), Merck
KGaA (D-64271 Darmstadt) and Sigma-Aldrich Chemie GmbH (D-89555 Steinheim).
The oligonucleotide 5’cta-cct-gca-ctg-taa-gca-cit-tg-3’, Mod. 5’:C6-Disulfide was pur-
chased from Biospring GmbH (D-60386 Frankfurt am Main) and the gold foil (thick-
ness: 0.1 um, purity >99.99%) from Goodfellow GmbH (D-61213 Bad Nauheim). Oli-
gonucleotides omitted the treatment with dithiothreitol (DTT) prior to conjugation, which
is usually carried out to ensure that the thiol modified oligonucleotide is in a mono-thiol
form rather than disulfide when applied to nanoparticles. Dougan et al. have observed
that the conjugation process is even improved when using alkyl-thiolated oligonucleo-
tides as there is no trade off in conjugate stability or surface coverage as a result of
omitting reduction with DTT [1].

Generation Method

Laser generation of gold nanoparticles was carried out using a femtosecond laser sys-
tem (Spitfire Pro, Spectra-Physics) delivering 120 fs laser pulses at a wavelength of
800 nm (maximum energy: 400uJ per pulse, beam diameter: 4 mm). If not indicated
differently, the pulse energy and the distance of a 40 mm lens to the target’s surface,
referred to focal position, were fixed to 100 pJ and -2 mm at a repetition rate of 5 kHz
due to the degradation and stabilization yield determinations. The focus in air is defined
as the 0 focal position. The principle set-up is described as follows: A 5x5 mm gold foil,
thoroughly cleaned, was placed on the bottom of a petri dish filled with 500 puL of a
3 UM aqueous solution of single stranded oligonucleotide (H.0>18 MQcm, ssO: 5’cta-
cct-gca-ctg-taa-gca-ctt-tg-3’, Mod. 5':C6-Disulfide). The depth of the layer above the
target was 1 cm. The plate was placed on an axis-system, that moved at a constant
speed of 1 mms™ in a spiral with outer radius of 1 mm and inner radius of 0.4 mm. Time
of irradiation was fixed to 53 s (corresponding to one spriral) if not indicated differently.
Further durations explored in degradation and stabilization yield determination were
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264 s (corresponding to 5 spirals) and 528 s (corresponding to 10 spirals). The fluence

was estimated being the same as in air.

Characterization methods

UV-Vis Spectra of the colloidal solutions were recorded in the spectral region 230-
800 nm, with a Shimadzu 1650.

Analytical Ultracentrifugation data were collected on a Beckmann XL-A 4-Loch Rotor
An60Ti analytical ultracentrifuge using the vendor’s software. Sedimentation velocity
experiments were performed at 20°C with angular velocities of 1600 rpm for unconju-
gated probes and a gradient from 1600 rpm to 50000 rpm for conjugated probes. The
concentration of the probes was adjusted to an absorbance of 0.8 at 520 nm. Scans
were taken every 6 min for up to 120 scans and data were parameterized via equa-
tion S1

In(-—)
X

3 (Eqn S1.)

c(s)=c
tw

The size distribution can then be deduced via equation S2:

m(l—vp.) 4
S=-—-3% m=—7r
67zn, rf 3 P (Egn S2.)

where m is particle mass, v is the partial specific volume of the particle, p, is the den-

sity of the solvent, 7, is the viscosity of the solvent, r is the radius of the particle and f

is the frictional coefficient (f=1 due to TEM analysis)

A transmission electron microscope (TEM Philips CM30) with 0.23 nm point to point
resolution was used to obtain micrographs of the colloids. Samples were prepared by
placing a drop of solution on a carbon coated, formvar-covered copper grid, and dried
at room temperature. The diameter of 700 particles was measured to obtain the particle
size distribution.

Dynamic Light Scattering and ¢-potential measurements were performed with the Zeta-
sizer ZS (Malvern). Typically 200 uL of the colloid were added to 800 puL water and the
resulting dilution was injected into the cuvette or the electrophoretic cell respectively.
Three consecutive measurements are carried out and mean values are presented. For
the determination of the stabilization yield the gold foils were weighed three times prior
and after ablation on a Sartorius balance (resolution: 1 ug). Mean Values are pre-
sented.
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Degradation studies

Conjugates were generated following the generation method. Various pulse energies
(50 pd, 100 pd, 150 pd, 200 pJ) and focal positions (0, -2 mm, -4 mm, -6 mm, -8 mm)
were applied. The irradiation time was increased from 53 s to 264 s to 528 s. The me-
dia were then analyzed by gel electrophoresis. For 20% gels, 20 mL of an acryla-
mide/bis-acrylamide (37.5:1) solution was mixed with 14.4 g urea and 2.5 mL 10xTBE
buffer. The mixture was heated above 37°C to dissolve the urea. 7.5 ml water, 150 L
10 % ammonium persulfate and 75 pL tetramethylethylendiamin were added. The mix-
ture was swirled and then immediately poured in a gel tray (Maxi (20x20 cm) CTV400,
VWR) and let to polymerize for 2 hours. For gel electrophoresis experiments 90 L of
the ablation media after nanoparticle generation were treated with 10 uL of a 100 mM
aqueous DTT-solution for 2 hours. DTT was used to rapidly displace the surface bound
oligonucleotides via an exchange reaction and induce nanoparticle aggregation as
consequence. This method guarantees that conjugated and unconjugated oligonucleo-
tides are analyzed by gel electrophoresis. To ensure that all nanoparticulate sediment
was separated from the supernatant, the samples were centrifuged 30 min at
15000 rpm and further work was carried out with 50 uL of the supernatant. To denature
the oligonucleotides 10 pL of formamide was added and the mixture was heated 2 min
at 95°C. 20 uL of a loading buffer containing 75 % glycerol, 0.125 % bromphenol blue
and 0.125 % xylene cyanole was added. The references, containing the same concen-
tration of oligonucleotide, omitted the laser irradiation and were treated equally before
gel electrophoresis and run with the samples on each gel. 10 pl of sample was loaded
in each well. Gels were run 3 hours at 300 V in 1xTBE buffer (pH around 8.3 - 8.5). To
visualize the bands on the gel after gel electrophoresis, gels were fixed in 30 % EtOH,
10 % glacial acid for 30 min. After thoroughly rinsing, the gels were stained and devel-
oped using FastSilver™ (G Biosciences, USA). Detection limit is 0.3 ng (123 ng on gel
equal 100 % integrity). Scans of resulting stained gels were analyzed with Image J.
The intensity of the bands I(x) was compared to the references [(0) in order to deduce
the degree of degraded biomolecule by equation S3.

Deg (x) = 1- 1(x)/ 1(0) (Egn. S3.)

Determined values are then indicated in percentage. In each conjugation experiment
1.5 nmol are in solution, which allows the calculation of intact amount of oligonucleotide
after laser irradiation. The decrement in oligonucleotide in nmol/min is calculated via a
fit of the degree of degradation in function of time: degree of degradation (t)= 1-exp(t/7),

where 1/t represents the decrement in oligonucleotides.
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Table S1.: Summary of degradation experiments.

pulse  focal degree of integrity decrement
energy position 53s 264s 528s in ssO
[nd] [mm] [%] [nmol] [%] [nmol] [%] [nmol] [nmol/min]

50 -2 100 1.50 90 1.35 65 0.98 0.06

50 -6 100 1.50 100 1.50 100 1.50 0.00

100 0 100 1.50 94 1.41 67 1.01 0.05

100 -4 100 1.50 100 1.50 100 1.50 0.00

100 -8 100 1.50 100 1.50 100 1.50 0.00

150 -2 82 1.23 58 0.87 31 0.47 0.20

150 -6 100 1.50 100 1.50 100 1.50 0.00

200 0 88 1.32 50 0.75 44 0.66 0.18

200 -4 100 1.50 94 1.41 68 1.02 0.05

200 -8 100 1.50 100 1.50 100 1.50 0.00
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Stabilization yield determination
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The ablated mass was determined as indicated in the characterization methods.
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Figure S1.: Ablated mass in function of time, focal position and pulse energy (Ep) for bioconju-

gates.
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Figure S2.: Ablated mass in function of time, focal position and pulse energy (Ep) for unconju-

gated gold nanoparticles (Au NP).

The stabilization yield was calculated by taking the means of the ablated mass per time

intervals.
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Table S2.: Ablation mass values and calculated stabilization yields for conjugates and AuNP.

ablated mass iliati
= Foc 53s 264s v 528s Vsi;?: I[I:lzga/t':'cz:]
conjugates conjugates conjugates conjugates
[WJ]  [mm]
AuNP AuNP AuNP AuNP

50 0 12 8 14 41 36 47 6.40 6.61
50 -2 12 11 54 41 80 89 10.40 10.64
50 -4 2 0 10 19 18 31 210 2.35
50 -6 0 0 0 0 5 9 0.38 0.34
50 -8 0 0 0 0 0 0 0.00 0.00
100 0 9 16 34 42 57 45 7.47 10.23
100 -2 22 23 88 53 124 106 17.17 15.57
100 -4 7 18 50 39 88 64 9.51 10.70
100 -6 0 0 5 11 10 16 0.76 1.21
100 -8 0 0 0 0 0 0 0.00 0.00
150 0 12 27 38 38 66 75 9.07 14.07
150 -2 46 22 151 49 214 114 31.92 15.81
150 -4 18 16 61 66 171 126 19.13 15.34
150 -6 0 0 10 29 25 45 1.36 3.97
150 -8 0 0 0 0 8 7 0.61 0.27
200 0 42 13 92 22 152 67 25.08 9.19
200 -2 58 13 273 55 390 97 50.74 12.08
200 -4 17 8 65 47 129 78 15.73 9.07
200 -6 0 0 3 29 18 34 1.36 2.58
200 -8 0 0 0 0 4 6 0.61 0.23

Ep: pulse energy; Foc.: focal position

When comparing the stabilization yields, one observes no significant difference for the
pulse energies of 50 uJ and 100 pJ. A look at higher pulse energies reveals an in-
crease in the stabilization yield of conjugates.
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Sizes
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The size distributions have been determined by DLS, AUZ and TEM (see Characteriza-

tion methods).
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Figure S3.: Size distributions for conjugates and AU-NP by three independent techniques (AUZ,

TEM, DLS).

Figure S4.: TEM micrograph of unconjugated gold nanoparticles.
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Concentration dependency of the growth quenching

The laser generation was carried out in different concentrations of oligonucleotide:
10 uM, 5 uM, 1.5uM, 1 uM, 0.5 uM, 0.45 pM, 0.4 uM, 0.1 pM, 0.01 uM and O uM. The
hydrodynamic diameter was determined by DLS measurements.

0.3

¢ (oligonucleotide) [uM]
—10
—5

o
N
1

Frequency [%]

o
—_
1
o
—_

0.0

Hydrodynamic Diameter [nm]

Figure S5.: Oligonucleotide concentration dependency of the size distribution.

Table S3.: dsg and dgg values at differnet oligonucleotide concentrations.

oligonucleotide
concentration 10 5 1.5 1 05 045 04 0.1  0.01 0

[uM]
dso [nm] 22.76 23.79 25.08 24.95 26.37 30.94 414 4232 46.31 46.29
dgo [NnmM] 36.9 41.18 45.36 41.45 43.84 56.47 82.29 83.38 86.52 86.89

The size quenching effect due to conjugation can be observed at a concentration
above 0.5 uM of oligonucleotide. At lower concentrations particles adopt the size range
of unconjugated probes.



Annex e

Controllability of the hydrodynamic diameter

Conjugates were generated following the generation method, varying the focal position
(0,-2 mm, -4 mm, -6 mm) and the pulse energy (50 pd, 100 pd, 150 pdJ, 200 pd). The
resulting size of conjugates was determined by DLS.

Table S4.: Dependency of the diameter on the laser fluence and focal position.

Focal position Fluence Hydrodynamic
diameter (dso)
[mm] [J/em?] [nm]
0 1001.80 34.04
0 751.30 32.76
0 500.89 31.20
0 250.45 33.48
-2 0.62 23.68
-2 0.47 24.04
-2 0.30 24.00
-2 0.16 26.24
-4 0.156 23.00
-4 0.12 23.12
-4 0.08 21.32
-4 0.04 17.92
-6 0.07 20.04
-6 0.05 20.72
-6 0.03 15.48

-6 0.02 13.24
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Stability in saline solutions

The laser generation was carried out in 5 uM oligonucleotide following the instruction in
the generation method. 5M NaCl was added at intervals increasing the salt concentra-

tion by 0.05 M increments to a final concentration of 2 M.

Salt concentration
——10mM NaZHPO ,

—— +0.15M NaCl
—— +0,4M NaCl
—— +0.6M NaCl
+0.8M NaCl
—— +1MNaCl
—— +1.2MNaCl

Absorbance

0.21 — 1.5MNaCl
N +2M NaCl
0.14
0.0 -
400 500 600 700 800

Wavelength [nm]

Figure S6.: UV-Vis spectra of conjugates in different saline solutions.

The conjugates are stable in saline solutions. With increasing salt concentrations the
absorbance in the region 600-800 nm is increased indicating agglomerates in solution.
We used the transfection buffer Eppendorf Hypoosmolar Electroporation Buffer (PH)
no.: 4308 070.501 for stability assays.

References

[1] J.A. Dougan, C. Karlsson, W.E. Smith, and D. Graham. Nucleic Acid Research
35:3668-3675, 2007.
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A.2. Conjugation efficiency of the laser based bioconjugation of
gold nanoparticles with nucleic acids

Nanoparticle Characterization

Transmission electron microscopy was used to determine the size distribution of result-
ing nanoparticles. Samples for TEM analysis were prepared by placing a drop of
nanoparticle dispersion, as obtained by laser ablation, on a carbon coated, formvar-
covered copper grid, and dried at room temperature. At least 500 nanoparticles were
sized from TEM micrographs, which revealed three significantly different size distribu-
tions in dependance of the ssO concentration (Figure S1).

200 nm 200 nm 200 nm 200 nm
| 200mm | | 200mm | | 200 | | 200mm |

Figure S1.: TEM analysis of nanoparticles generated in increasing thiolated oligonucleotide
(HS-ssO) concentrations (A) no ssO, (B) 0.1 uM ssO, (C) 0.5 uM ssO, (D) 5 uM ssO.

One observes a size quenching with increasing HS-ssO concentrations, which reaches
its maximum at 0.5 uM (Figure S2). The average diameter of a typical particle prepara-
tion at HS-ssO concentrations higher than or equal to 0.5 pM is 5.0 £ 1.3 nm. An HS-
ssO concentration of 0.1 pM and 0.25 uM results in slightly bigger nanopatrticles with
an average diameter of 5.7 £ 3.4 nm. No significant difference was observed in the size
of nanoparticles generated in 0.1 and 0.25 uM. Generation of gold nanoparticles in
water leads to the typical broad distribution with an average Feret diameter of
15.0 £ 10.3 nm (Figure S1 A), as there is no competition between growth and surface

coating.
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Figure S2.: Average Feret diameter of laser generated gold nanoparticles as function of the
added oligonucleotide concentration.

Number, mass and surface-weighed size distributions of the three different kinds of
nanoparticles are displayed in Figure S3. While the mass weighted size distribution is
applied for the calculation of molar nanoparticle concentrations, the surface weighted
distribution is used for the determination of surface coverages.
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Relative frequency

Relative Frequency
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Figure S3.: Number, mass and surface weighted size distributions of nanoparticles generated in
increasing oligonucleotide concentrations (A: no ssO, B: 0.1 uM; 0.25 pM ssO, C: 0.5 pM ssO;

D: 5 uM ssO).

Calculated average particle masses and surface areas are shown in Table S1.

Table S1.: Average particle mass and average particle surface area

In situ conjugation
(ssO = 0.5uM)
In situ conjugation
(ssO < 0.5 uM)

Ex situ conjugation

Average particle mass Average partizcle surface
[a] [cm’]
1.54E-18 8.36E-13
3.47E-18 12.17E-13
94.50E-18 101.34E-13
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UV-Vis spectroscopy, performed with a Shimadzu 1650 confirms the broader size dis-
tribution of gold nanoparticles generated in water compared to bioconjugates.

ssO concentration
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Figure S4.: UV-Vis spectroscopy of gold nanoparticles generated by laser ablation in different
ssO concentrations.

Nanoparticle mass was controlled via weighing the target before and after each abla-
tion process. The resolution of the balance reaches down to 1 pg, which results in a
measurement error in nanoparticle concentration of 4 uygmL™”, as we deal with mass
differences. Since this fact has an equal impact on each of the three determination
methods, error bars were exclusively added for the indirect determination of the surface
coverage by remaining HS-ssO in the supernatant after in situ conjugation in Figure 2.

Quantification of ssO loaded on gold nanoparticles

Excess oligonucleotides were removed by centrifugation of nanoparticle suspensions
for 30 min at 40,0009. The resulting supernatant was stored for further analysis. In the
case of HS—ssO-Alexa 488 conjugation, the red precipitate was then washed twice with
ddH.O by successive centrifugation and redispersion and then finally taken up in
200 pL of an aqueous solution of 5 mM dithiothreitol (DTT). After 18 h at room tem-
perature with intermitting shaking, the solutions containing the displaced HS—ssO-
Alexa 488 were separated from the gold by a second centrifugation. Absorbance cor-
responding to excess ssO (260 nm) in the first supernatant (see Figure S6) and ab-
sor bance at 496 nm corresponding to displaced Alexa 488 labeled ssO (see Fig-
ure S7) in the second supernatant was recorded with a Shimadzu 1650 UV-VIS spec-

trometer. Intensities were converted to molar concentrations of HS-ssO-X by interpola-

115



Annex

tion from a linear standard calibration curve. Standard curves were prepared with
known concentrations of HS-ssO-X (see Figure S5). Finally, the average number of
HS-ssO-X per particle was obtained by dividing the measured HS-ssO-X molar con-
centration by the original nanoparticle concentration. Normalized surface coverage
values were then calculated by dividing the estimated particle surface area (assuming

spherical particles) in the nanoparticle suspension.
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Figure S5.: Standard calibration line of the unlabeled oligonucleotide (HS-ssO) and the Alexa
labeled oligonucleotide (HS-ssO-Alexa) at 260 and 496 nm respectively.
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Figure S6.: UV spectra of remaining unlabeled ssO in the supernatant 1 after in situ conjugation
at various HS-ssO concentrations.



Annex

0,16
E ssO concentration
0,14+ ——75uM
] —5uM
0,12 1 —25uM
g 1 —1uM
S 0,10+ —— 0.5 pM
-g 1 —0.25uM
2 008+ —0.1uM
< |
0,06
0,04 -
0,02
0,00 . : . , - :
400 450 500 550 600

Wavelength [nm]

Figure S7.: Vis spectra of conjugated HS-ssO-Alexa in the supernatant 2 after ligand exchange
with dithiothreitol and previous in situ conjugation at various HS-ssO-Alexa concentrations.

Quantification of recoverage or degradation of ssO after ligand ex-
change

25 pL of a 100 mM aqueous DTT solution were added to 475 pL colloid after conjuga-
tion with ssO. Following centrifugation after 18 h of co-incubation, absorbance at 496
and 648 nm was measured to estimate the concentration of displaced Alexa 488 and
Cy5 respectively. Values after ex situ conjugation correspond to the recoverage after
DTT displacement and after in situ conjugation to the sum of recoverage after DTT

displacement and degradation due to laser irradiation.
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Figure S8.: Vis spectra of Alexa 488 and Cy5 labeled oligonucleotides before the conjugation
process, after ex situ conjugation and in situ conjugation with 5 pM HS-ssO-X.
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While recoverage of the fluorophores was checked by Vis spectroscopy (Figure S8),
the analysis of oligonucleotides was performed by polyacrylamide gel electrophoresis.
Quantification of DNA with its characteric absorbance band at 260 nm was not possible
due to a coabsorbance of the ligand exchange agent dithiothreitol. For 20 % gels,
20 mL of an acrylamide/bis-acrylamide (37.5:1) solution was mixed with 14.4 g urea
and 2.5 mL 10xTBE buffer. The mixture was heated above 37°C to dissolve the urea.
7.5 ml water, 150 uL 10 % ammonium persulfate and 75 pL tetramethylethylendiamin
were added. The mixture was swirled and then immediately poured in a gel tray (Maxi
(20x20 cm) CTV400, VWR) and let to polymerize for 2 hours. To denature the oligonu-
cleotides, 10 pL of formamide was added to 50 pL of each supernatant and the mixture
was heated 2 min at 95°C. 20 pL of a loading buffer containing 75 % glycerol, 0.125 %
bromphenol blue and 0.125 % xylene cyanole was added. The references, containing
the initial concentration of oligonucleotide, omitted the laser irradiation and were
treated equally before gel electrophoresis and run with the samples on each gel. 10 pl
of sample was loaded in each well. Gels were run 3 hours at 300 V in 1XTBE buffer (pH
around 8.3 - 8.5). To visualize the bands on the gel after gel electrophoresis, gels were
fixed in 30 % EtOH, 10 % glacial acid for 30 min. After thoroughly rinsing, the gels were
stained and developed using FastSilver™ (G Biosciences, USA). Scans of resulting
stained gels were analyzed with Image J. The intensity of the bands I(x) was compared
to the references 1(0) in order to deduce the degree of recovered oligonucleotide after
conjugation and/or laser ablation by equation 3.

Deg(x) = 1- 1(x)/ 1(0) (Egn S1.)

Conjugation Efficiency during ex situ conjugation
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Figure S9.: Conjugation efficiency of the ex situ conjugation.
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Bioconjugate size during ex situ conjugation

While the size quenching during in situ conjugation has been already discussed, after
ex situ conjugation no difference was observed in the Feret diameter distribution of the
gold nanoparticles. A look at the hydrodynamic size distribution revealed a slight in-
crease of 2 nm due to the increased solvatisation shell of charged HS-ssO (Fig-
ure S10). The hydrodynamic size was determined by Dynamic Light Scattering with the
Zetasizer ZS (Malvern). Three consecutive measurements are carried out and mean

values are presented.
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Figure S10.: Average hydrodynamic diameter of ex-situ conjugated gold nanoparticles with in-
creasing ssO concentrations.
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Comparison of surface coverage values by bioconjugation of laser-
generated and chemically derived gold nanoparticles

Table S2.: Surface coverage values for chemically synthesized gold nanoparticles conjugated
by ligand exchange reactions reported in literature.

Base length Anchoring group surface coverage [pmol cm™] Ref
12 3' R-S-S-R 7.5 26
22 3'R-S-S-R 12.0 26
22 3' R-S-S-R 21.0 26
12 3'HS-R 12.6 26
22 3'HS-R 21.1 26
22 3'HS-R 12.2 26
12 5'HS-R 34 22
32 5'HS-R 15 22
32 3'HS-R 24 22
32 3'HS-R 35 22
23 5'HS-R 146 this paper
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A.3. Laser ablation-based generation of bio-targeting gold nano-

particles conjugated with aptamers.

Additional figures
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Figure S1.: UV-Vis spectrum of the as prepared AuNP solution after in situ conjugation with
5 uM anti streptavidin aptamer.
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Figure S2.: TEM micrographs and AuNP size distributions (lognormal fit) of AuNPs produced by
laser ablation in 5 uM miniStrep solution (A) before and (B) after removal of free aptamer by
centrifugation.
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A.4. Penetratin-conjugated gold nanoparticles — Design of cell pe-
netrating nanomarkers by femtosecond laser ablation

Additional figures
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Figure S1.: Maldi-TOF spectra of penetratin after conjugation to AuNPs at (A) pH 6 and (B)
pH 9.
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Figure S2.: Zetapotential of bioconjugates decreases in value with increasing penetratin con-
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Figure S3.: TEM images of clusters generated in 5uM (left) and in 20 uM (right) penetratin. The
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Figure S4.: UV-Vis spectra of ligand free and penetratin-conjugated AuNP generated by laser
ablation in water and in solutions containing various amounts of penetratin at pH 9.
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