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ABSTRACT: Gold nanoparticles (AuNPs) are promising imaging
agents for the long-term visualization and tracing of intracellular
functions because they bear outstanding optical properties and
are fairly easily bioconjugated. However, the design of such
multifunctional nanosystems might be limited by their bioavail-
ability. Cell-penetrating peptides (CPPs) have been shown to be
efficient molecular transporters with very few indices of cyto-
toxicity also in conjunction with nanoparticles. In this context,
the current work aims to explore the approach of in situ con-
jugation during laser ablation in liquids for the design of CPP-
NP conjugates at the example of penetratin-conjugated AuNPs.
Because penetratin is positively charged at neutral pH, the con-
jugation process most likely differs from the previously reported
coupling of oligonucleotides with their negatively charged phosphate backbone. Results reveal that penetratin is more efficiently
bound to AuNPs, increasing the pH value of the ablation media, whereas the size and morphology of the bioconjugates function in
terms of the penetratin concentration during the laser process. Probable underlying processes such as size quenching, aggregation,
and laser-induced partial melting are assessed by the means of transmission electron microscopy and UV-vis spectroscopy. In a
preliminary biological study, laser scanning confocal and transmission electron microscopy revealed a successful uptake of penetratin-
conjugated AuNPs for the first time in up to 100% of coincubated cells within 2 h.

’ INTRODUCTION

The visualization and observation of physiological structures
and cellular functions is vital for understanding, diagnosing, and
treating diseases. 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 is gold
nanoparticles (AuNPs).2 They feature unique optical properties
including a strong surface plasmon resonance (SPR) with high
quantum efficiency and resistance to photobleaching, making
them visible by laser scanning confocal microscopy (LSCM)3

and quantifiable down to the single particle level, even inside
living cells.4 The SPR maximum (SPRmax) can vary from 500 to
1000 nm in dependence of nanoparticle size, aspect ratio, and
interparticle spacing. For example, the reduction of interparticle
spacing during particle aggregation results in a red shift of SPRMax

due to interparticle plasmon coupling.5 As a result, gold aggre-
gates are easily excitable by near-infrared lasers within the optical
window of blood and tissue; therefore, they might be used for visu-
alization and simultaneous photothermal therapy of labeled sites.6

The functionalization of AuNPs can be achieved fairly easily
via thiol linkers, resulting in a highly ordered self-assembled

monolayer (SAM).7 With this method, extracellular and intra-
cellular targeting agents such as aptamers,8 antibodies,9 and
effector molecules10 are conjugable to the nanoparticle core.

However, the design of such multifunctional nanosystems
might be limited by the question of their bioavailability, that is,
their cellular uptake. In this context, molecular transporters with
high uptake efficiency at low concentrations were discovered in
the early 90s, when a series of short peptide sequences, known as
protein transduction domains (PTDs), were identified to be
able to efficiently cross cellular membranes.11 Among these cell-
penetrating peptides (CPPs), the most popular are Tat peptide
and penetratin, derived from the human immunodeficiency virus
type-1 (HIV-1) Tat (transactivator of transcription) and theDrosophilia
antennapedia homeodomain (Antp) respectively. Both Tat and
penetratin were shown to induce successful internalization of di-
verse biomolecules including DNA12 and proteins.13 Additionally,
Tat and penetratin, conjugated to AuNPs via BSA14,15 and
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tiopronin16 or polyethylene glycol spacer,17 respectively, have
already been described to deliver efficiently the nanoparticles
into cells and even the nucleus.

However, probably because of the lack of rapid nanoparticle
synthesis methods, enabling a fast design of nanoparticle bio-
conjugates with defined surface coverages, there are no studies
screening the influence of the peptide concentration, the mor-
phology of AuNPs, and further CPP on the internalization of
nanoparticles. In previous studies, we established the in situ
bioconjugation of AuNPs with thiolated single-stranded oligo-
nucleotides during ultrashort pulsed laser ablation in liquids.18

This one-step method allowed a rapid and simultaneous genera-
tion and conjugation of AuNPs with variable surface coverage
values and bioconjugate sizes in dependence of the biomolecule
concentration.19 Here we explore this method for the design of
CPP-conjugated gold nanoparticles at the example of the pre-
viously introduced penetratin (Pen: (Ac)NPys-CRQIKIWFQ-
NRRMKWKK(Ac)), featuring a pyridyl disulfide (NPys) func-
tion at its N-terminal end with high affinity toward gold. Because
penetratin is positively charged at neutral pH, the conjugation
process most likely differs from the previously reported coupling
of oligonucleotides with their negatively charged phosphate back-
bone. In this context, the preparation of cell-penetrating nano-
markers during laser ablation will be fundamentally analyzed with
regard to conjugation efficiency as a function of peptide concen-
tration and pH of the ablation media and bioconjugate size and
morphology. Probable underlying effects are assessed by the
means of transmission electron microscopy and UV-vis spec-
troscopy. Concerning later application prospects, we investigate
the internalization efficiency of laser-generated AuNP-Pen bio-
conjugates into immortalized bovine endothelial cells in compar-
ison with the direct internalization of ligand-free AuNPs for the
first time.

’EXPERIMENTAL METHODS

Generation and Bioconjugation of Gold Nanoparticles.
Laser generation of gold nanoparticles was carried out using a
femtosecond laser system (Spitfire Pro, Spectra-Physics) deliver-
ing 120 fs laser pulses at a wavelength of 800 nm (maximum
energy: 400 μJ 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 μJ and -1 mm at a
repetition rate of 5 kHz. The focus in air is defined as the 0 focal
position. The principle setup is described as follows: A 5� 5 mm
gold foil (thickness: 0.1 μm, purity >99.99%; Goodfellow GmbH)
thoroughly cleaned was placed on the bottom in a well of a 48-
well plate filled with 500 μL of double-distilled aqueous solution
(ddH2O) of penetratin (0.0, 0.1, 0.5, 1, 5, 7.5, and 20 μM)
(Scheme 1). The activated penetratin ((Ac)NPys-CRQIKIWF-
QNRRMKWKK(Ac)), featuring a pyridyl disulfide (NPys) func-
tion at its N-terminal end with high affinity toward gold, was
purchased at MP Biomedicals. Because 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 1mm s-1 in a spiral
with outer radius of 1 mm and inner radius of 0.4 mm. Time of
irradiation was fixed to 106 s (corresponding to two spirals).
Bioconjugate Characterization. Zeta potential measurements

were performedwith theZetasizer ZS (Malvern). In typical, 200μL

of the colloid were added to 800 μL water, and the resulting
dilution was injected into the electrophoretic cell. Three consecu-
tivemeasurementswere carried out, andmean values are presented.
The conjugation efficiency was evaluated by the percentage of

the total amount of peptide conjugated to AuNP. Therefore, the
amount of unconjugated penetratin was measured by UV-vis
spectroscopy (Shimadzu 1650) at 280 nm after separation of
bioconjugates from remaining unconjugated penetratin by cen-
trifugation for 30 min at 40 000g. Intensities were converted to
molar concentrations by interpolation from a linear standard
calibration curve. Standard curves were prepared with known
concentrations of penetratin.
We obtained the average number of penetratin per AuNP by

dividing the penetratin concentration, deduced by taking the
difference of the total and the measured peptide concentration
in the supernatant, by the original AuNP concentration. There-
fore, we estimated AuNP mass concentrations by dividing the
ablated mass, measured by weighing the gold foil three times
prior and after ablation on a Sartorius balance (precision: 1 μg),
by the used volume of ablation medium. Dividing this mass
concentration by the average mass of one AuNP, which has been
evaluated by means of TEM micrographs of at least 500 AuNPs,
assuming spherical particles with a density equivalent to that of
bulk gold (19.30 g cm-3), yields the number concentration. We
then calculated normalized surface coverage values by dividing
the estimated particle surface area in the nanoparticle suspension.
MALDI-TOF of conjugates was performed at Stiftung

Tier€arztliche Hochschule, Rinderklinik (Prof. Dr. H. Bollwein,
Dr. M. Ekhlase-Hundrieser) with Kratos Kompact MALDI 2.
R-Cyano-4-hydroxycinnamic acid matrix (1 μL) was mixed with
1 μL 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 registered at Stif-

tung Tier€arztliche Hochschule, Institut f€ur Pathologie (Prof. Dr.
W. Baumg€artner, Kerstin Rohn) utilizing an EM 10 C electron
microscope. In the case of the colloidal solution, one drop was
placed on a carbon-coated, Formvar-covered copper grid and
dried at room temperature. Given diameters are averaged over at
least 500 AuNPs. The form factor (FF) is calculated by the
following equation, FF = 4πA/p2, where A is the area and p is the
perimeter of each AuNP.

Scheme 1. In Situ Bioconjugation of AuNPs with the
Cell-Penetrating Peptide Penetratin during Laser
Ablation in Liquids
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Cell Culture and Coincubation with Nanoparticles. The
cells used in the studies were derived from a bovine immortal-
ized endothelial cell line (GM737320) obtained from the Cell
Culture Collection, Institute of Infectology, FLI, Riems, Germany.
All experiments were carried out in six-well dishes (TPP AG,
Trasadingen, Switzerland). Cells were seeded in Dulbecco's
modified Eagle's medium (DMEM; PAA Laboratories GmbH,
Pasching, Austria) supplemented with 10% heat-inactivated fetal
bovine serum (Invitrogen, Karlsruhe, Germany) and 1% penicillin/
streptomycin (PAA Laboratories GmbH, Pasching, Austria) and
allowed to attach and grow at 37 �C in a humidified 5% CO2

atmosphere. After 24 h, new medium was added, this time,
however, lacking the antibiotics. Following another 24 h, the
medium was replaced again by DMEM alone or DMEM includ-
ing AuNPs with or without Penetratin in a final concentration of
50 μM Au and then incubated for a further 2 h. All experiments
were carried out in duplicate and repeated three times.
Cell Preparation for LSCM Analysis. In general, cell pre-

paration for LSCM corresponded to previously described trials.21

In short, after detachment and fixation in 0.5% paraformaldehyde
(Merck KGaA, Darmstadt, Germany), cells were mixed 1:4 with
Vectashield (Vector Laboratories, Burlingame, CA) and mounted
on a slide within a paper reinforcement ring so as not to flatten
the cells by the subsequently placed coverslip, which was fixed
onto the slide with nail varnish. Visualization by LSCM was
performed using an Axioplan 200 apparatus and a confocal imaging
systemLSM510 (Carl ZeissMicroImagingGmbH, Jena, Germany)
within the spectrum of visible light. A helium-neon-green laser of
543 nm was used to excite the SPR of the gold nanoparticles.
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%
glutaraldehyde (Sigma Aldrich, Schnelldorf, Germany) in Dul-
becco'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 described22 with
slight modifications. In brief, 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 cacodylate buffer, dehydratedwith increas-
ing concentrations of ethanol, and subsequently embedded in
Epon. The prepared cell layer was trimmed and processed for
standard transmission ultrastructural examination.

’RESULTS AND DISCUSSION

Conjugation Efficiency Is Defined by the pH Value of the
Ablation Medium. Because 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 dependence of the pH of the ablation medium.
Penetratin is highly positively charged at neutral pH contrib-

uted by basic residues of lysine (K) and arginine (R). The net
charge of penetratin was calculated at various pHs based on the
acid dissociation constants of the individual amino acids and the
C-terminus (Figure 1a).24 Because the N-terminus of the peptide
is acetylated, there was no N-terminus included in calculating the
pI of 12.8, and only the charged amino acids (K, R) and the C
terminus contributed to the overall peptide charge.
The pH-dependent charge of AuNPs, generated under our

experimental conditions, was estimated by ζ-potential measure-
ments. The decay of the ζ potential with increasing pH (Figure 1a)

confirms the data reported in the literature describing the partial
oxidation of Au0 to Auþ and Au3þ and the successive association
of dissociated water.23,25 As a result, protonated hydroxyl groups
(-OH2

þ), nonprotonated hydroxyl groups (-OH), and -O-

are in equilibrium, whose relative abundance is dictated by the
pH value of their environment. Under our experimental condi-
tions, AuNPs hardly show any charge at pH <6; therefore,-OH
is dominant on the AuNPs surface leading to particle aggregation
in the absence of stabilizing molecules because of the lack of
efficient electrostatic stabilization. At pH g6, the abundance of
-O- increases, and the AuNP global charge is getting increas-
ingly negative.
The conjugation of AuNPs with penetratin was investigated at

pH 6 to 9 to avoid repellence between AuNP and penetratin at
low pH due to the presence of some protonated hydroxyl groups
at the AuNP surface (zeta potential AuNP > 0 mV) and iso-
electric point aggregation, precipitation of the peptide at elevated
pHs, or both. Extreme pHswere further omitted to achieve better
biocompatibility conditions already during bioconjugate synthe-
sis 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 pH value (Figure 1b). A
possible explanation might be a dominant nonspecific electro-
static interaction of penetratin with AuNPs at lower pHs. At
higher pH, the zeta potential of AuNPs is becoming increasingly
more negative, which likely drives the positively charged pene-
tratin to the AuNP surface, promoting dative binding via the
sulfide to the gold core (Figure 1c). Mass spectrometry measure-
ments (MALDI-TOF) of samples obtained in pH 9 reveal an
increased second peak, having a mass difference of 155 Da
compared with the molar mass of penetratin. This difference
corresponds to the nitro-pyridyl sulfide residue, which is ob-
viously more efficiently cleaved by the present gold nanoparticles
at pH 9 compared with pH 6, confirming the assumption of an
enhanced dative binding at higher pH (Figure S1 in Supporting
Information). The formation of a mixed disulfide layer of peptide
and nitro-pyridyl sulfide on the AuNPs surface might be the
result, as previously reported for gold substrates in literature.26

The following bioconjugates will be generated at pH 9.
The ζ potential of all bioconjugates shifted toward zero

compared with ligand-free AuNPs generated at the same pH
(Figure 1d). The ζ-potential difference increased fromþ7.4 mV
at pH 6 to þ16 mV at pH 9, correlating with the amount of
conjugated positively charged penetratin.
Designing AuNP-CPP Bioconjugates varying the Pene-

tratin Concentration. The design of AuNP-Pen bioconju-
gates was characterized after laser-based bioconjugation in aque-
ous solutions containing different amounts of penetratin at pH 9.
Within <1 min of laser ablation, the ablation media were inten-
sively colored, whereas a red shift of SPRmax with increasing
penetratin concentration was observed (Figure 2). Because the
nanoparticle concentration increases with penetratin concentra-
tion because of higher stabilization yields and less redeposition of
ablated material,18 UV-vis spectra have been normalized to an
absorbance of 0.6 at 370 nm for better comparability.
To estimate the Feret diameter distribution and shape of the

nanomarker, TEM micrographs were recorded, and size histo-
grams were deduced for varied peptide concentrations in the
ablation media (Figure 3: TEM images of bioconjugates gener-
ated in 0, 1, and 5μMpenetratin). Results reveal that there are prob-
ably three effects defining the bioconjugate size and aggregation
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level 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 typical broad size
distributionwith an average Feret diameter of 15 nm,which decreases
in the presence of penetratin to 6 nm(insert of Figure 4 andTable 1).
Whereas no statistical difference in primary particle size has been
observed, stability against aggregation could only be evidenced
for nanoparticles generated in 0.1 to 1μMpenetratin bymeans of
TEM micrographs and a negative zetapotential of <-25 mV
despite the conjugation of positively charged penetratin. With
an average AuNP concentration of 50 μg/mL generated in the
presence of 1 μM penetratin, a stoichiometric ratio of inserted
penetratin to AuNP of e32.5 seems to be required for stable
primary nanoparticles. Because the surface coverage of penetratin
per AuNP increases with the inserted concentration of penetratin,
stable primary AuNPs can be obtained up to a maximal surface
coverage. Under our experimental conditions, a maximal surface
coverage of 27 penetratin molecules per stable primary AuNP
was observed (Table 1).
Whereas AuNPs generated in 2.5 μMpenetratin (Figure S3 in

Supporting Information) already tend to aggregate, all AuNPs
are aggregated in clusters of about 40-70 nm in diameter at
penetratin concentrations g5 μM, referring to a stoichiometric

ratio of 110 penetratin molecules per AuNP with an average
AuNP concentration of 150 μg/mL (Figure 3).
This second effect seems more specific to peptide-like mole-

cules because it is not observed during the conjugation of nucleic
acids.18 Because we observed more aggregation for higher peptide
concentrations, the reason of “bridging” flocculation can be ex-
cluded. The cause might be more likely a reduction in electro-
static repulsions, which is confirmed by the lower ζ-potential
value of bioconjugates with increasing peptide concentrations
(Table 1 and Figure S2 of the Supporting Information). The shift
in SPRmax follows the formation of aggregates and is probably
dedicated to the decrease in the interparticle spacing (Figure 5).
The third effect occurs at penetratin concentrations >5 μM

and results in the decrease in interparticle spacing and the de-
formation of spherical primary nanoparticles. (Detailed micro-
graphs of bioconjugate aggregates generated in 5 and 20 μM of
penetratin in TEM images in Figure 5.) This reshaping of primary
particles probably results from a laser-induced partial melting and
subsequent fusion of AuNPs with low interparticle distances in
aggregates, as has been observed byMafun�e et al. during irradiation
of a mixture of gold and platinum nanoparticles.28 As a conse-
quence, primary particle size, detected by TEM, seems to
reincrease, whereas aggregate size decreases (Figure 4). For an
estimation of the degree of particle deformation, we calculated
the percentage of total AuNP in TEMmicrographs having an FF

Figure 1. Conjugating AuNP with penetratin: (a) Calculated penetratin net charge and the measured zetapotential of AuNPs with varying pH values.
(b) Percentage of added peptides (5 μM) conjugated to AuNPs increases with the pH of the laser ablation medium. (c) Estimated footprint of
bioconjugates generated at pH 6 and 9. (d) Zeta potential of bioconjugates decreases in value with augmenting conjugation.
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value below 0.9. A perfect circle, characteristic for primary nano-
particles even when assembled in aggregates, has an FF of 1.0,
whereas irregular structures like sintered particles deviate from
unity toward zero as their degree of circularity become less
perfect.29 The resulting graph as a function of the peptide
concentration correlates well with the described observations
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
absorbance at 800 nm is mainly due to asymmetric aggregates,
whereas the absorbance at 380 nm is primarily caused by the

interband transition of gold, which is a good parameter for the
estimation of AuNP concentrations. However, for lower peptide
concentrations, the correlation was deficient because estimation

Figure 4. Influence of penetratin concentration on the Feret diameter
(average diameter of primary particles and aggregates of AuNP-Pen

Figure 2. Normalized UV-vis spectra of ligand-free and penetratin-
conjugated AuNP generated by laser ablation in water and in 1 and 5 μM
penetratin solutions at pH 9.

Figure 3. Influence of penetratin concentration on size and shape of the nanomarker: 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 μM penetratin solutions at pH 9.

Table 1. Summary of Nanohybrid Surface Coverage and
Particle Characteristicsa

[penetratin]

[μM] dF(NP) dF(Cluster)

zeta potential

[-mV]

penetratin/

NP

0 15( 10 28( 3

0.1 7( 5 26( 1 10

0.5 6( 3 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
aValues are means ( standard deviation.
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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 aggregation in dispersion and form aggregates with
overlapping nanoparticles on the TEM grid due to drying effects
during the preparation formicroscopic analysis and thereforemimic
deformed particles.
In relevance to biological application, one can conclude that

laser ablation enables the fast generation of penetratin-conjugated
AuNPswith different levels of aggregation and penetration coverage
by variation of the stoichiometric ratio of penetratin to AuNP. Both

properties have been reported to determine cellular internaliza-
tion. For instance, Lee et al. described the enhanced uptake of
AuNP cluster comparedwith primary AuNPs of 15 nm in average
diameter.30 Additionally, AuNP aggregates exhibit higher scatter-
ing cross-section (Figure 2 and Figure S4 of the Supporting
Information) and NIR absorption than primary gold nanoparti-
cles Because the lower wavelength limit of the therapeutic window
for in vivo diagnostics and photothermal therapy is ∼640 nm,
AuNP aggregates may be of promising use for the conversion of
the absorbed NIR light into light scattering or localized heat.
Moreover, particles that are bigger than the primary particles

Figure 5. Share of deformed AuNPs, estimated by TEM and UV-vis spectroscopy, and shift in SPRmax in function of the penetratin concentration in
the ablation medium at pH 9. *The share of deformed AuNPs, estimated by TEMmicrographs, was defined as the share of AuNP with a form factor of
<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. Right: TEM
images of clusters generated in 5 (top) and 20 μM(bottom) penetratin. The interparticle spacing seems to decrease with higher peptide concentrations.

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 transmission electron microscopy images (bottom) of immortalized bovine
endothelial cells (GM7373); from left to right: negative controls, coincubation with AuNPs, and AuNP-penetratin conjugates for 2 h. The bioconjugates
were generated by laser ablation in 5 μM penetratin.
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(6-10 nm) scatter light more efficiently and may hence be easily
visualized by confocal microscopy and quantified down to the
single particle level if the size exceeds 60 nm4.
Cellular Internalization of Penetratin-Conjugated Gold

Nanomarker. To gain a first insight into the cell-penetrating
properties of femtosecond laser-generated AuNP-Pen nano-
marker, we performed a 2 h coincubation of bovine endothelial
cells with ligand-free AuNPs and AuNPs conjugated to pene-
tratin by in situ conjugation during laser ablation in 5 μM pen-
etratin. The so-achieved aggregates were assumed to be espe-
cially interesting for a first cell internalization study because of
their good application prospects for in vivo diagnostics and
photothermal therapy.
LSCM proved outstanding scattering 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 nmwith 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 pre-
sence of AuNPs in up to 100% of coincubated cells if the particles
were penetratin-conjugated, whereas ligand-free AuNP were
found in approximately half of the cells (Figure 6). TEM images
underlined this fact. The penetratin conjugation apparently induces
a different uptake mechanism: whereas ligand-free AuNPs diffused
individually or in small clusters into the cells, as also previously
observed by Salmaso et al.,31 penetratin-conjugated AuNPs are
accumulated in vesicles. The shape and surface coverage depen-
dency of uptake efficiency and mechanism of laser-generated
Au-Pen bioconjugates should be investigated in the future.

’CONCLUSIONS

In situ conjugation during laser ablation allows the rapid
design of cell-penetrating nanomarkers for intracellular bioima-
ging. Significantly enhanced penetratin conjugation efficiencies
could be observed at higher pH values, whereas the size and
morphology of bioconjugates depends on the peptide concentra-
tion during ablation. By means of MALDI-TOF measurements,
thefirst effect could be attributed to a higher extent of specific dative
binding of the penetratin's sulfide to the AuNP surface at increased
pH. Probable underlying processes of size variation are defined as
size quenching, aggregation, and laser-induced partial melting by
means of transmission electron microscopy and UV-vis spec-
troscopy. A simple biological study during the recent work revealed
a successful uptake of AuNP-Pen bioconjugates generated in
5 μM penetratin. Up to 100% of coincubated cells were marked
with penetratin-conjugated AuNPwithin 2 h. In conclusion, AuNP
conjugation to penetratin at higher biomolecule-to-nanoparticle
ratios during laser ablation allows the fabrication of colloidal
aggregates with about 40-70 nm diameter, which is in the size
range that allows quantification of single nanoparticles in cells
with confocal microscopy.
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