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We report a bioinspired multifunctional albumin derived poly-
peptide coating comprising grafted poly(ethylene oxide) chains,
multiple copies of the HIV TAT derived peptide enabling cellular
uptake as well as mitochondria targeting triphenyl-phosphonium
(TPP) groups. Exploring these polypeptide copolymers for passivat-
ing gold nanoparticles (Au NPs) yielded (i) NIR-emitting markers in
confocal microscopy and (ii) photo-thermal active probes in
optical coherence microscopy. We demonstrate the great potential
of such multifunctional protein-derived biopolymer coatings for
efficiently directing Au NP into cells and to subcellular targets to
ultimately probe important cellular processes such as mitochon-
dria dynamics and vitality inside living cells.

Cell organelle-specific bio-imaging tools, diagnostics and
therapeutics have emerged as important strategies in recent
biomedical research." In drug delivery, subcellular targeting
offers great prospects to enhance the effect of drug molecules
by directed transport to the targeted organelles and potentially
minimized side effects as compared to non-directional cellular
targeting." Live cell imaging with nanoparticles that selectively
target specific intracellular organelles reveals increased spatial
and temporal resolution with greatly decreased acquisition
time per pixel allowing visualization of e.g. intracellular
particle distributions for specific subcellular organelles. To
date, a number of sub-cellular compartments such as the
plasma membrane,”> endosomes,® Golgi complex,® cytosol,’
mitochondria® or nucleus” have been targeted. Addressing
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mitochondria is of particular interest as they are indispensable
for providing energy to eukaryotic cells and control apoptosis
(programmed cell death),’ making them an important thera-
peutic target.

High-speed Raman microscopy,” super-resolution STED
microscopy'® as well as optical coherence microscopy
(OCM)"'™® offer three-dimensional live cell imaging with the
highest resolution and fast response times. However, identifi-
cation of the optimal imaging probes providing efficient cellu-
lar uptake, significant photo-stability, and low cellular toxicity
is essential. Furthermore, escape from the endosome and sub-
cellular organelle targeting remains critical for various studies
inside living cells."* Gold nanoparticles (Au NPs) provide many
attractive features for cellular imaging. They exhibit fluo-
rescence at sizes below 2 nm and reveal NIR emission
(NIR-Au), which is well-suited for less invasive cellular and
tissue imaging."> In addition, they are resistant to photo-
bleaching under continuous illumination'® and they are con-
sidered more bio-compatible than other metals. Alternatively,
larger, non-fluorescent Au NPs offer plasmonic features, which
can be exploited for OCM." They serve as localized “heating
zones” and as thermally driven phase objects with an
increased cross-section making them suitable as efficient
photo-thermal contrast agents."® Both NIR-Au'’>' and larger
Au NPs have been successfully synthesized before and were
mainly applied as drug delivery vehicles because of their high
payloads, localized mechanical damage and improved photo
thermal therapy applications.”* However, efforts to identify Au
NPs as probes for observing the dynamics of a particular
organelle inside a living cell for prolonged periods still
remains critical, where subcellular targeting capabilities and
stability of the active Au NPs essentially rely on their surface
functionalization. Thus, appropriately coated Au NPs as fluo-
rescent or photo-thermal active probes, with capabilities of
passing cellular membranes, escaping the endosome and sub-
cellular targeting features are of broad interest for advancing
super-resolution bio-imaging applications.

We present a versatile polypeptide copolymer approach to
efficiently stabilize ultra-small, NIR-Au NPs below 2 nm as well

This journal is © The Royal Society of Chemistry 2017
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as larger Au NPs suitable for OCM imaging of subcellular com-
partments.”>** Such copolymers were obtained from native
protein precursors as described previously.>*>°

Such biopolymers offer defined contour lengths and pre-
cisely known monomer sequences of natural diversity, excel-
lent biocompatibility***” and various functional groups suit-
able for the attachment of the desired functionalities, i.e. drug
molecules and cell-targeting groups.*® These copolymers can
be characterized by mass spectrometry to ensure the presence
of all newly introduced functionalities along the polymer back-
bone as well as at the Au NP surface after coating. Herein,
functional Au NPs are prepared in the presence of the multi-
functional polypeptide copolymer, which imparts excellent
water solubility, biocompatibility and stability under various
physiological conditions as well as enhanced cellular uptake,
endosomal release and subcellular targeting of mitochondria.
Copolymer-coated Au NPs allow simultaneous tracking of
mitochondria with either ultra-small NIR-Au NPs suitable for
high resolution STED imaging as well as larger Au NPs for
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photo-thermal imaging with OCM, which underlines their sig-
nificance as organelle specific probes in different microscopic
techniques for studying dynamics inside living cells. Such a
multifunctional, biocompatible polymer platform provides
great potential for designing traceable nanotransporters
for delivering cargos, such as drugs, to these -cellular
compartments.

For the synthesis of the known multifunctional peptide-
polymer biopolymer 4 ** shown in Scheme 1, the blood plasma
protein human serum albumin (HSA, 1) serves as precursor,
whose available carboxylic acid groups are converted into
primary amino groups to yield polycationic HSA (cHSA, 2).>*
cHSA offers an increased number of reactive sites for all sub-
sequent chemical modifications as well as enhanced cellular
surface attachment and cellular uptake based on electrostatic
interactions.”® cHSA is denatured to yield dcHSA (3) and the
newly formed thiol groups (35 thiols available in total) are
reacted with polyethylene oxide (PEO) side chains that impart
water-solubility and reduce nonspecific interactions.>*** The
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(a) Synthesis scheme of dcHSA-PEO-TAT-TPP biopolymer (6) derived from globular HSA protein (1) after the attachment of ethylenedi-

amine groups (2, cationization, cHSA), protein denaturing (3, dcHSA) and the attachment of PEO (4), TAT (5) and TPP (6). (b) Schematic illustration of
polypeptide coated Au NP with any of the respective functionalities at distinct amino acid residues of the polypeptide chain.
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resultant dcHSA-PEO hybrid (4) provides an optimal scaffold
for further modifications. To improve cellular uptake into
mammalian cells and enhance endosomal escape, several
copies of the TAT peptide have been added. N-Hydroxy-succin-
imide activated maleimide (MI-NHS) is first reacted with bio-
polymer (4) in PBS buffer at pH 7.4. Subsequently, the terminal
thiol of the cysteine (Cys) residue of TAT (SH-Cys-Gly-Tyr-Gly-
Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg) is reacted with the newly
introduced maleimide group of 4 to yield dcHSA-PEO-TAT (5).
Lipophilic cations, such as triphenyl-phosphonium cation
(TPP) are widely known for their selective accumulation in
mitochondria.*® The attachment of hydrophobic triphenyl
phosphonium cations is carried out following the EDC-NHS
ester coupling reaction (Scheme S3f) to yield the
dcHSA-PEO-TAT-TPP (6) bioconjugate.

All of the above conjugates are characterized through Gel
permeation chromatography, zeta-potential measurement,
dynamic light scattering (DLS), and FTIR spectroscopy. Clear
indication of the relative increase in molecular weights, zeta-
potentials, and average sizes verifies successful synthesis of 6
(Fig. S1-S37). In addition, the presence of a phosphorous peak
in high resolution X-ray photoelectron spectroscopy (XPS)
data, after TPP attachment (Fig. S1(b)}), provides further
confirmation.

Ultra-small Au NPs are synthesized in aqueous solutions
with 6 following a “one-pot”, protein templated, green
approach with slight modifications from the literature.>* Au-
salt (chloroauric acid, HAuCl,) is mixed with 6 at 37 °C under
slightly basic conditions as reported in detail in the ESL.{ The
final solution has pale yellow colour, which is a clear indi-
cation for the formation of dimensionally very small Au NPs.
The Au NPs are washed with Milli-Q water to remove excess
base and further purified using a Vivaspin 20 (MWCO30k) cen-
trifugal concentrator and subjected to characterization by
UV-Vis absorption and fluorescence spectroscopy as depicted
in Fig. 1(a). No observable surface plasmon resonance features
are present in the UV-Vis spectrum. The maximum emission
occurred in the NIR region at 680 nm upon excitation at
405 nm due to the discrete and size-tunable electronic tran-
sition based on the spatial confinement of the free electrons
in Au NPs. The quantum yield (QY) of these fluorescent Au
NPs has been determined as ~6.1% with freshly prepared tris
(2,2-bipyridyl) ruthenium hexahydrate(n) as reference. This
value is comparable to the highest reported QY of Au NPs in
the literature.®® Inset in Fig. 1(a) is the digital image of the bio-
polymer capped Au NP solution under room light and 365 nm
UV light illumination revealing a strong emission originating
from the efficient surface passivation of the Au NPs by the
polypeptide backbone. Most likely, free primary amine groups
present in 6 facilitated the reduction of the Au salt to form
small clusters over time. From the time lapse study, presented
in Fig. 1(b), slow formation of small Au NPs is clearly visible.
Au NPs with maximum emission intensities are obtained after
24 h of continuous stirring. Beyond 24 h, precipitation of the
biopolymer and aggregation of the particles occurred. Slow
particle formation seems to be critical to achieve Au NPs with
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Fig. 1 (a) Typical absorbance and emission spectra of Au NPs. No
plasmon resonance is observed in the absorbance spectra indicating the
formation of small nanoparticles that emit at 680 nm. Inset contains the
digital image of highly fluorescent Au NPs with and without UV light illu-
mination. (b) Time evolution of the fluorescence spectra for the reaction
solutions are depicted where each sample was excited at 365 nm. (c)
HAADF-STEM image of dcHSA-PEO-TAT-TPP coated Au nanoparticles
showing single crystals as tiny white spots. The larger spots belong to
crystal agglomerations (white arrow). (d—e) Aberration-corrected
HRTEM image and corresponding fast Fourier transform (FFT) of a
typical Au-nanocrystal in <110> orientation. The 111-reflex showed
d-spacing of 2.36 A.

high QYs. In a control experiment, a strong reducing agent
such as NaBH, has been applied that produced small clusters
within minutes. However, we have observed very low QYs and
broad size distributions of the particles. The Au NPs are puri-
fied through ultracentrifugation to remove excess quantities of
NaBH, and characterized via UV-Vis and fluorescence spec-
troscopy (Fig. S57).

To image the Au nanoparticles, transmission electron
microscopy (TEM) was carried out using a FEI Titan 80-300
operated at 300 kV. The solution of nanoparticles was drop-
coated on standard thin carbon film on Cu grids. A wider-view
high-angle annular dark-field scanning TEM (HAADF-STEM)
image (Fig. 1c) and a representative aberration-corrected high-
resolution (AC-HR) TEM image (Fig. 1d) clearly indicate that
as-synthesized Au NPs were well dispersed. The average size
has been determined to be 2.0 + 0.5 nm. These small sizes
nicely correspond to the UV-Vis spectra, where no observable
plasmonic peaks are present. The protein structure around the
particles is destroyed rapidly due to damage during the
imaging process. Moreover, the amorphous carbon film of the
TEM grids spoils any weak contrast features. An energy disper-
sive X-Ray (EDX) spectrum (Fig. S4b7) displays the presence of
Au as well as a very high nitrogen content, which can be attrib-
uted to the presence of the polypeptide chain containing large
numbers of amine groups.

For bio-imaging applications, the colloidal stability of the
biopolymer-Au structures in the presence of high salt concen-
trations as well as proteases is essential. For this purpose, the
emission profiles in the presence of 30% (v/v) (a) 10 mM phos-

This journal is © The Royal Society of Chemistry 2017
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phate buffer and 2% glucose, (b) 1 M NaCl, (¢) pH 3.9, (d) pH
10 and (e) the protease trypsin are examined (Fig. S67). After
24 h of incubation, the emission properties of the biopolymer-
Au constructs remain unchanged indicating high colloidal
stabilities under various physiological conditions suitable for
in vitro applications.

The cellular uptake efficiency and intracellular localization
of Au NPs coated with dcHSA-PEO-TAT-TPP (6) has been evalu-
ated by laser scanning confocal microscopy. Typically, HeLa
cells are incubated with the fluorescent biopolymer-coated
AuNPs for about 18 h before image acquisition. The NIR-emit-
ting biopolymer-Au NPs are mainly located in the cytosol,
outside the nuclear region (Fig. 2 and 3). Staining the mito-
chondria with a mito-tracker dye, we observe clear co-localiz-

Fig. 2 (a—c) Confocal microscopy images of Hela cells incubated with
Au NPs coated with (a) dcHSA-PEO-TPP, (b) dHSA-PEO-TAT-TPP (6) and
(c) dcHSA-PEO-TAT (5) after 18 h incubation (lex = 405 nm). Overlay
images using simultaneous scanning of Au NPs (green spots) and
MitoTrackerR Red CM-H2XRos (Invitrogen) (red spots).

20 pm

Fig. 3 (a—d) Confocal microscopy image of Hela cells incubated with
dcHSA-PEO-TAT-TPP-Au NPs, where (a) shows the emission from small
Au NP clusters (1ex = 405 nm), (b) cell under white light, (c) fluorescence
from mito-tracker and (d) overlay of all 3 images. Inset in (d), shows the
line scanning profile of fluorescent intensity (along the white arrow;
green colour from fluorescent Au and red colour from mito-tracker).

This journal is © The Royal Society of Chemistry 2017
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ation as depicted in Fig. 3, where the Pearson’s coefficient is
calculated to be 0.89, indicating agreeable colocalization of the
dcHSA-PEO-TAT-TPP-Au NPs (6) with mitochondria. The red
emission is related to mitotracker Red-stained mitochondria,
while the green colour corresponds to the fluorescence signal
of the Au NPs excited at 405 nm. The appearance of a yellow
colour from the merged red and green channels indicates the
co-localization of the Au NPs in the mitochondria cell
compartment.

Control experiments with Au NPs coated with structurally
similar biopolymers that have neither been cationized (HSA
instead of cHSA, Fig. 2b) nor possess TAT peptides (Fig. 2a) or
TPP groups exhibit no or only poor cellular uptake and endo-
somal release or mitochondria targeting capabilities, respect-
ively (Fig. 2c and S7-S97). TAT has been reported previously to
serve as mito-tracker’’ and therefore, we have synthesized and
investigated Au NPs coated with dcHSA-PEO-TAT (5) that did
not contain TPP. Au NPs coated with (5) without TPP clearly
show very little colocalization with mitochondria (Fig. 2c and
S107) and therefore, the presence of all three functionalities,
i.e. multiple primary amino groups after cationization of HSA
and several TAT peptides are both crucial for achieving
enhanced cellular uptake and endosomal release, whereas the
TPP is essential to direct the Au NPs to the mitochondria of
the cells (Fig. 3).

Next, we investigated the capacity of 6 for stabilizing larger
Au NPs and for their trafficking to a desired intracellular
target. Larger Au NPs are prepared in situ, when HAuCl, is
reduced by NaBH, in presence of 6. Fig. S111 and shows rela-
tively uniform and well dispersed Au NPs with average sizes of
4 + 1.3 nm. Due to their larger size, these particles showed
plasmonic behaviour, which could be exploited for photo-
thermal optical lock-in OCM (poli-OCM) imaging. Fig. 4(a—c)
represent the corresponding poli-OCM images of the cells after
incubation of 6 and 4 nm Au NPs with HeLa cells for 18 h.
Green colour results from the photo-thermal signal of the Au
NPs and the red colour is related to mitotracker red-stained
mitochondria. The appearance of yellow colour indicates colo-
calization of large Au NPs and mitochondria. A reconstructed
3D image is demonstrated in Fig. 4(d), where the yellow spots
resemble the presence of mitochondria inside living cells.
Noteworthy, both small and large Au NPs did not impose any
cellular toxicity under the imaging conditions applied herein
(Fig. S6(f and g)t).

In addition, we have optimized the conditions for the
photothermal scattering signal in OCM by increasing the con-
centration of AuNPs inside the cells. Fig. 4(f) shows the mean
intensity of the poli-OCM signal for different concentrations of
AuNPs. The photothermal signal has a linear relationship with
the absorbance cross section of the particle (see eqn (S1)7).
Therefore, increasing the concentration of Au NPs should pro-
portionally increase the number of absorbers within the exci-
tation volume of the photothermal heating beam. However,
from Fig. 4(e), we can conclude that the photothermal signal
does not follow the linear relationship with increasing concen-
trations of AuNPs. We believe that higher concentrations could
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Fig. 4 Optical coherence microscopy (OCM) image of Hela cells incu-
bated with 4 nm sized dcHSA-PEO-TAT-TPP-Au NPs, where (a) depicts
the fluorescence from mito-tracker (b) the photo-thermal signal from
large Au NPs, and (c) the overlay of both images. The scale bar is
20 micrometres. (d) Constructed 3D images of the cells where yellow
areas indicate the presence of mitochondria. (e) Average poli-OCM
signal intensity acquired from cell cultures incubated with different con-
centration of AuNPs. (f) Normalized histogram of poli-OCM signal
intensity for increasing the AuNP concentrations.

increase the probability of aggregation and consequently the
interactions between neighboring Au NPs, which would result
in more intense signals (Fig. S13t). Furthermore, we present
histograms of the poli-OCM signal in Fig. 4(f) for different
AuNP concentrations that illustrate a shift to higher scattering
intensities as the Au NP concentration is increased.

In summary, we have reported a versatile protein-derived
polypeptide platform, which even allows attaching multiple
copies of up to four different kinds of functionalities: long
PEO chains improved solubility and stability, whereas the
primary amines facilitated interactions with cellular mem-
branes as well as further post-modifications. TAT and TPP were
selected to impart cellular uptake and intracellular release,
whereas TPP facilitated subcellular targeting. This high degree
of side chain functionalization is due to the availability of
various reactive groups distributed over the entire polypeptide
backbone and even after functionalization, sufficient numbers
of polar groups remained that could complex gold cations to
initiate the nucleation processes. We could demonstrate the
synthesis of ultra-small (~2 nm) and fluorescent NIR-Au NPs
that reveal biocompatibility and high stability under physio-
logical conditions and they remained aggregation-free in water
under ambient conditions for several months. This method
has also been adapted to achieve larger, 4 nm sized Au NPs
that are particularly useful for poli-OCM imaging e.g. to study
mitochondria trafficking and dynamics inside living cells
based on their remarkable mitochondria targeting capabili-
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ties.> The biopolymer synthesis and Au NP coating approach
reported herein yields multifunctional Au NPs providing
access to different imaging techniques. In contrast to Au NP
surface coating by various small molecule ligands, the avail-
ability of such multifunctional polymers ensures the presence
of all functionalities at the NP surface after coating. The syn-
thetic methodology reported herein could be easily adapted to
different cell penetrating and subcellular targeting peptides.
Therefore, multifunctional Au NPs reported herein represent a
valuable tool for advanced live cell imaging with subcellular
accuracy. Due to the potential of Au NPs in cancer therapy, the
synthesis strategy could also be highly attractive for developing
various smart diagnostic and therapeutic tools.
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