Nanoplasmonics for Dual-Molecule

Release through Nanopores in the
Membrane of Red Blood Cells

Mihaela Delcea,™%*-* Nadine Sternberg,** Alexey M. Yashchenok," Radostina Georgieva,** Hans Baumler,*
Helmuth Méhwald," and Andre G. Skirtach™'**

TDepartment of Interfaces, Max-Planck Institute of Colloids and Interfaces, Research Campus Golm, Golm 14424, Germany, S7IK HIKE, Ernst-Moritz-Amdt-Universitit Greifswald,
Greifswald 17489, Germany, #Center of Tumor Medicine, Berlin Brandenburg Center for Regenerative Therapies, Charité-Universitdtsmedizin-Berlin, Berlin 10117, Germany,

“Department of Medical Physics, Biophysics and Radiology, Medical Faculty, Trakia University, ul. Armeiska 11, 6000 Stara Zagora, Bulgaria, HDepartment of Molecular
Biotechnology, Ghent University, Ghent 9000, Belgium, and *NB-Photonics, Ghent University, Ghent 9000, Belgium. “These authors contributed equally to this work.

he cellular membrane is highly selec-
Ttive, as it represents an effective bar-
rier for most charged, noncharged,
and polar molecules.! However, one can
take advantage of this impermeability to
design a natural drug carrier. The develop-
ment of biologically inspired drug delivery
systems is advantageous in comparison
with conventional administration of thera-
peutics. This allows for reduction of both
toxicity and adverse side effects while keep-
ing the drug concentration in the blood
within the therapeutic window, protection
from premature inactivation, and loss of its
systemic activity.? Red blood cells (RBCs)
represent an interesting drug carrier system
due to their inherent biocompatibility and long
systemic circulation. Their membranes can be
reversibly opened and closed (resealed), allow-
ing encapsulation of a broad spectrum of
drugs, enzymes, and any other biologically
active substances (see ref 3 for a review). In
1985, Alpar and colleagues published the
in vivo therapy of implanted TLX5 tumor cells
with methotrexate-loaded carrier-RBCs as anti-
cancer treatment.* Recently, our group showed
the selective administration of amphotericin
B-loaded RBCs to macrophages of the reticu-
loendothelial system.” Encapsulation of super-
paramagnetic iron oxide nanoparticles® and
thermosensitive magnetite nanoparticles” into
RBCs was introduced as a novel strategy for
magnetic resonance imaging. RBCs can be also
manipulated® for positioning and lab-on-chip
applications” " or can be used as carriers of
nanoparticles.'*'> However, triggering the car-
go release from RBCs at a desired site with a
defined time sequence and quantities has not
been extensively studied to-date.
Previously, photodynamic hemolysis was
studied using CW (continuous wave) sources
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ABSTRACT

A nanoplasmonics-based opto-nanoporation method of creating nanopores upon laser

illumination is applied for inducing diffusion and triggered release of small and large

molecules from red blood cells (RBCs). The method is implemented using absorbing gold

nanoparticle (Au-NP) aggregates on the membrane of loaded RBCs, which, upon near-IR laser

light absorption, induce release of encapsulated molecules from selected cells. The binding of

Au-NPs to RBCs is characterized by Raman spectroscopy. The process of release is driven by

heating localized at nanoparticles, which impacts the permeability of the membrane by

affecting the lipid bilayer and/or trans-membrane proteins. Localized heating and tempera-

ture rise around Au-NP aggregates is simulated and discussed. Research reported in this work

is relevant for generating nanopores for biomolecule trafficking through polymeric and lipid

membranes as well as cell membranes, while dual- and multi-molecule release is relevant for

theragnostics and a wide range of therapies.

KEYWORDS: nanoplasmonics - trans-membrane - channel proteins - lipid
bilayers - gold nanoparticles - localized heating - RBC - nanopores

for RBCs in the presence of dyes'* that have
high extinction coefficients and peak absorp-
tion in the UV—visible region, for example Rose
Bengal'® or phenol red.'®" In addition to CW
irradiation, pulsed sources'® can be used (see
ref 19 for a review). In this case extremely high
laser peak powers (~10"2 W/cm?),%° which can
damage RBCs, are used.?' Comparison of heat
generation by pulsed and CW lasers has been
presented earlier.??

Among numerous stimuli®® and release
methods®* we have chosen laser—nanoparticle
interaction, i.e., nanoplasmonics,®®> to study
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release from RBCs. Noble metal nanoparticles were
used previously to target cancer cells,**?’ to investi-
gate phase transitions?®*2° and transfer of nanoparti-
cles through the lipid membrane,*® and to induce
release from capsules® 3% and liposomes (see refs
35, 36 for review). These effects are based on localized
heat generated by laser—nanoparticle interaction. The
permeability changes of these delivery vehicles can be
termed laser-assisted opto-nanoporation because of
the highly localized effects on the membrane. Nano-
particles can also extend the scope of permeability
control of RBCs. They would enable, for example,
application of low-power laser sources, which do not
affect the membrane of the cells*” due to minimal
absorption of near-infrared light*® by the membrane
molecules and water.>® This technique is noninvasive
and is ideally suited to investigate cells, polymeric
capsules inside living cells,*”*%*! and films.*>~**

The goals of this work are twofold. On one hand,
providing the means for nanoscale manipulation of the
RBC membrane permeability should open new per-
spectives for designing carriers. The very new chal-
lenge here consists in triggering the drug release at a
desired site with defined time sequence and quanti-
ties. On the other hand, opto-nanoporation has the
potential to find application as a new tool for studying
stimuli-responsive cross-membrane transport of mol-
ecules. We study here the permeability changes of the
nanoparticle-functionalized membrane of RBCs upon
laser irradiation and report on the laser-assisted con-
trolled release of model drugs encapsulated in the RBC
interior. Simultaneous release of two molecules, the
dye 5(6)-carboxyfluorescein (5(6)-CF) and a rhodamine-
labeled dextran (Rh-dextran), with different molecular
masses of 376 and 7500 Da, respectively, is conducted.
Practically, our approach is relevant for delivery of a
combination of drugs, which is often needed, for ex-
ample, in the treatment of cancer.**~%

RESULTS AND DISCUSSION

Experiments were carried out according to the
scheme presented in Figure 1. In the first step, the
biopolymer Rh-dextran and the dye 5(6)-CF were simul-
taneously loaded into RBCs, Figure 1 (step 1). Here we
used a hypotonic dilution—encapsulation method*® of
these two molecules into RBCs. The procedure is based
on the process of hypotonic hemolysis, during which,
upon influx of water, pores with a diameter of up to
100 nm occur in the membrane and hemoglobin dif-
fuses out of the cells. At low temperature, the lifetime of
these pores is long enough to allow concentration
equilibration between the inner volume of the cells
and the dispersion medium. In such a way, materials
from the surrounding medium can pass through the
membrane. After reconstitution of isotonicity, the cell
membrane can be resealed by restoration of osmolarity
and increasing the temperature to 37 °C, thus trapping
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all substances that diffused into the interior of the cell,
Figure 1 (step 1). During hypo-osmotic loading, a part of
the hemoglobin (roughly 50%) is exchanged against the
loaded substances (model drugs, buffers) and the cell
volume slightly decreases. The consequence of these
changes is an increased stability of the loaded erythro-
cytes against hypo-osmotic conditions.*® The optimized
protocol applied in this study allows efficient loading
with minimized damage of the cell membrane, as
shown by Annexin V binding assays®° (less than 10%
Annexin V binding cells). In addition, Supporting Infor-
mation as well asimages in this article show loaded RBCs
with high intracellular fluorescence intensity in both
fluorescein (green) and rhodamine (red) channels as
well as a preserved biconcave shape of the cells.

The second step in our work involves functionaliza-
tion of RBCs with noble metal nanoparticles as laser
light absorption centers, Figure 1 (step 2). These ab-
sorption centers are needed because a low-power CW
near-IR laser (power and power densities in the range
of mW and kW/cm? to MW/cm?, respectively) does not
influence the permeability of the membrane and con-
sequently will notinduce a release.®” In this step, highly
concentrated gold nanoparticles (Au-NPs) were added
to the RBC suspension in PBS (phosphate-buffered
saline, 0.15 M NaCl, 0.01 M phosphate buffer, pH 7.4).
Such a mixing-initiated aggregation of gold nanopar-
ticles takes place simultaneously with adsorption onto
the surface of RBCs. It has been shown that the
presence of small aggregates increases the efficiency
of opto-nanoporation of capsules.®’ Besides the size
(5—10 nm) and shape (spherical), one needs to control
the spatial distribution of nanoparticles on the mem-
brane surface with regard to their aggregation state.
Here, the approaches differ depending on the relative
concentration (high®? or low>®) of nanoparticles, which
themselves tend to form aggregates upon adsorption
at high concentration®? or screening (for example, by
salt) of stabilizing repulsive forces.”’ To minimize
effects on the membrane fluidity of RBCs, we used a
combination of both approaches by adding a small
amount of highly concentrated gold nanoparticles
(~1/100 volume dilution) to a RBC suspension in PBS.
These nanoparticles are very stable in water, having a
ruby-red color, but they aggregate in PBS, turning
rapidly (within 1 min) to a blue-gray color (Figure 1
(step 2)). Figure S1 presents absorbance spectra of gold
nanoparticles in water (red curve) and in PBS (blue
curve). It can be seen that a surface plasmon resonance
peak of gold nanoparticles in water is located at
520 nm. After aggregation of gold nanoparticles in
PBS, the peak is shifted by ~50 nm in the near-infrared
part of the spectrum. Curves presented in Figure S1 are
normalized, and, therefore, absorbance at ~830 nm is
not as high compared to that at ~520 nm. Similar
characteristics were observed by other groups.>* How-
ever, the localized temperature rise is proportional to
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Figure 1. Schematic of the experiments showing three steps: (1) encapsulation: two molecules (Rh-dextran (in red) and 5(6)-
CF (in green)) are simultaneously encapsulated. Red, green, and overlay fluorescence channels are shown in the schematics;
(2) adsorption of nanoparticle aggregates onto the surface of loaded RBCs (cuvettes demonstrating the behavior of gold
nanopatrticles in water (right) and after transfer in PBS (left); and (3) release of both molecules by a near-IR laser.

the cube of the size of the nanoparticles.3** Release of
encapsulated materials from microcapsules by opto-na-
noporation was observed using silver’' and gold®' nano-
particle aggregates. Consequently, the still localized heat
generated by the Au-NP aggregates should be sufficient
to affect also the membrane permeability of the RBCs.
Adsorption of Au-NPs onto RBC membranes (step 2
in Figure 1) is further discussed now. TEM (transmission
electron microscope) micrographs used for identifica-
tion of nanoparticles adsorbed onto RBCs are shown in
Figure 2a. It can be seen that single Au-NPs are distrib-
uted over the surface of the cells and that some
aggregates are also present, Figure 2b. Au-NPs are
known for their properties as surface-enhanced Raman
scattering (SERS) centers,”®*” which we use in this
study to probe their binding to the membrane of
RBCs.>® Figure 2c demonstrates Raman spectra of Au-
NP aggregates along with the SERS-amplified signal.
Some of the groups typical for lipids and/or proteins as
well as some characteristic of the glycocalix can be
distinguished from these spectra (the two solid lines in
Figure 2c represent spectra taken at different sites on
RBCs possessing Au-NP aggregates). Some peaks in the
region 1000—1200 cm ' can be assigned to sacchar-
ides. In both spectra presented in Figure 2c peaks at
1083, 1109, and 1174 cm ™" were observed;* the latter
is specific for saccharides only. The broad Raman peak
around 1300 cm ™' can be assigned to the CH, twist of
the long alkyl chain in the phospholipids.®® The peak at
1450 cm ™" is assigned to CH, (aliphatic chain) and CHs
bends in lipid bands, respectively. The phospholipid
bands include also the O—P—O vibrations of the polar
head at 1083 cm™' and C—C stretches®' of chain at
1109 cm™~'. Several peaks in the presented spectra can
be assigned to proteins: the peak at 1109 cm ' can be
also assigned to C—C and C—N stretching, while the
band around 1450 cm ™' is assigned to a CH, bond. The
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band around 873 cm™' on the Raman spectrum was
detected in both RBC spectra (the peak appears stron-
ger in the upper graph); this band was reported as a
typical signal for other sialosides®® as a result of the
COH deformation of their glycerol part.5?

The scheme of the interactions of Au-NPs with RBCs
is presented in Figure 2d. The main interactions of
Au-NP aggregates and RBCs depicted in this figure reflect
data obtained by Raman scattering data, Figure 2c. The
preferable adsorption and aggregation of the gold na-
noparticles on the RBC surface is most likely due to
interactions of the positively charged nanoparticles with
the negative charges of the glycocalyx, as depicted in
Figure 2d. The glycocalyx is a coat of fuzzy material,
consisting of carbohydrate-rich molecules, polysacchar-
ides, proteoglycans, glycoproteins, and glycolipids.®* The
major part of its negative charges is contributed by sialic
acids in the oligosaccharide chains of membrane glyco-
proteins and glycolipids.>>® Interactions with the polar
heads of the phospholipids are also possible, mainly with
phosphatidylcholine and sphingomyelin, which are the
major components in the outer lipid layer.?%® The
negatively charged membrane lipids such as phosphati-
dylserine and phosphatidylinositol are mainly placed in
the inner leaflet and, therefore, cannot contribute to the
NP adsorption.®® Finally, van der Waals and hydrophobic
interactions between the nanoparticles and the cell
membrane cannot be completely neglected since elec-
trostatic interactions are screened at physiological ionic
strengths.

According to this description, at least three mechan-
isms affecting the membrane by local heat are feasible:

(i) the local temperature rise can drastically en-
hance the mobility of lipid molecules and can
cause a local phase transition in the lipid bilayer,
finally leading to the opening of short-living
hydrophilic pores;
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Figure 2. (a) Transmission electron micrograph (TEM) of whole RBCs with adsorbed gold nanoparticle aggregates (the scale
bar corresponds to 2 um); (b) a magnified TEM image of the RBC membrane showing nanoparticles and nanoparticle
aggregates (the scale bar corresponds to 200 nm); (c) surface-enhanced Raman spectra (SERS) of vibrational groups of lipids
and glycocalix amplified by Au-NPs; two spectra recorded at different locations on the RBCs are presented by solid lines. The
spectrum of Au-NPs themselves is also presented by the dashed line; (d) schematic of possible interactions of Au-NPs with the
membrane of RBCs at the molecular level (membrane scheme is modified after Salomao et al.®3). Positively charged Au-NPs
(black circles, not to scale) are shown interacting with the negatively charged glycocalyx and with the polar heads of
phospholipids. The dashed arrow-lines from circles in (c) are specific only to the interactions shown in (d).

(i) integral glycoproteins located near gold nano-
particles can undergo thermal denaturation,
creating rigid hydrophilic pores;

(i) reactive oxygen species and free radicals can
be formed, which can start a damaging chain
reaction of lipid peroxidation followed by de-
creased hydrophobicity of the lipid bilayer.”

In the third and last step shown in Figure 1,
selected RBCs with Au-NP aggregates were illumi-
nated by a near-IR laser mounted in a microscope
setup (step 3). The RBCs were imaged before and
after illumination using a confocal laser scanning
microscope (CLSM); in separate experiments they
were also imaged during illumination by a near-IR
laser using fluorescence imaging. We discuss now
this step in more detail.

Experimental examples of release from RBCs are
demonstrated in Figures 3—5. Figure 3.1 presents the
simultaneous release of the co-encapsulated 5(6)-CF
and Rh-dextran from a single RBC upon laser irradia-
tion. In Figure 3.1a three RBCs are shown in an overlay
image of transmission and red and green fluorescence
channels. The yellow color is due to the combination of
the green color of 5(6)-CF (presented in Figure 3.1b)
and the red color of the Rh-dextran (depicted in
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Figure 3.1c). Only one (in the dashed white box) of
the three imaged RBCs was illuminated by a near-IR laser.
Figure 3.1d shows the same three cells after illumination.
It can be clearly seen from this figure that nonilluminated
cells retain their fluorescence, while the illuminated one
becomes completely dark, suggesting release of the
fluorescing molecules, Figure 3.1d. The green and red
channels of the illuminated RBC are demonstrated in
Figure 3.1e/f. Itis evident from Figure 3.1 that all cells, also
the illuminated one, maintain a biconcave, disk-like,
shape, Figure 3.1d, while both fluorescent channels
demonstrate that encapsulated molecules were released
only from the illuminated RBC, Figure 3.1ef. It can be
emphasized that the biconcave or disk-like shape of the
RBC is unchanged before illumination (Figure 3.1a—c)
and after release (Figure 3.1d—f) of the encapsulated
materials. RBCs can possess a number of different
shapes,”" while another common shape of RBCs is
echinocytes. To additionally prove that release by opto-
nanoporation has no influence on the shape of RBCs, we
have also conducted release from echinocytes. The
echinocytic shape was induced by addition of a small
amount of acetylsalicylic acid to the RBC suspension.
Figure 3.2 shows images of an echinocyte before (a1—a3)
and after (b) laser illumination. Different planes of
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Figure 3. (1) CLSM images of RBCs with co-encapsulated
5(6)-CF and Rh-dextran molecules before (a—c) and after
(d—f) laser-induced opto-nanoporation. Panels (a) and (d)
present overlays of green and red fluorescence and trans-
mission channels. Red and green channels of the single RBC
in the dashed box are shown separately before (b, ) and
after (d—f) release, respectively. Au-NP aggregates were not
removed in this case and are seen as dark dots. Scale bars
correspond to 5 um. (2) CLSM images of an echinocyte with
co-encapsulated 5(6)-CF and Rh-dextran molecules are
shown before (a1—a3) and after (b) laser-induced opto-
nanoporation. Gray background panels represent overlays
of all fluorescence and transmission channels. (a1), (a2), and
(a3) show different confocal image planes of the same
echinocyte; (b) shows the middle section, while other sec-
tions of this echinocyte are presented in Figure S2. Scale
bars correspond to 5 um.

imaging in Figure 3.2a1—a3 demonstrate uniformity of
loading of the echinocyte. It can be clearly seen from
Figure 3.2b) that fluorescence is no longer present after
laser exposure.

In order to demonstrate the release in more detail,
we recorded and analyzed in situ the illumination
process (Methods). Frame-by-frame analysis of illumi-
nation is presented in Figure 4. The laser was turned on
only in frames (b)—(e), and its location is marked by the
red circle. The cloud shown in Figure 4d,e depicts
release of 5(6)-CF molecules during the illumina-
tion. It can be noticed from Figure 4e that release is
directional; that is, radially asymmetric. An analogous
phenomenon has been reported for release from
microcapsules.”%”2 Similarly to Figure 3, RBCs that were
not illuminated retained their fluorescence even after
release from the RBCs pointed out by the blue arrow,
Figure 4h,i. The diffusion constants of fluorescein and
dextran (for example, 9 kD) in aqueous solution are
~2 x 107 em?s7 " and 5 x 1077 cm?-s™ ', respec-
tively (and they decrease by a factor of ~4 in the
cytoplasm of cells’®). For ~7 um RBCs (a typical
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average size of the disk of RBCs), these molecules
would need ~0.1 s to cross the distance corresponding
to the diameter of the disk of an RBC. Opto-nanopora-
tion takes place during the time of illumination, which
was performed on the order of seconds per cell. During
this time period, molecules can cross the whole RBC.
It can be noted that no attachment of molecules to
structures inside the cell occurs because no intracel-
lular structures exist in RBCs. There is also no chemi-
cal or electrostatic interaction of dextran and 5(6)-CF
with the actin/spectrin network or with the lipid
bilayer. This is also evident from the continuous
distribution of fluorescence intensity inside a RBC,
i.e., without any enhancement in any region of the
membrane.

Although release from RBCs was visualized in situ,
Figure 4, we conducted additional negative control
experiments to exclude (a) photobleaching by the
lamp; (b) photobleaching by the near-IR laser, and (c)
thermobleaching. To exclude photobleaching by the
fluorescence lamp, we have visualized several cells (for
example, Figures 3 and 4). Photobleaching by the lamp
would equally extinguish signals from all RBCs, while
in our experiments only the exposed cell appeared
empty after near-IR laser illumination. Photobleaching
by laser was excluded by exposing loaded RBCs with-
out nanoparticles to the laser; here, RBCs remained
highly fluorescent even after prolonged illumination
(Figure S3, Supporting Information). With regard to
thermobleaching, we conducted an experiment with
stained-membrane RBCs loaded with 5(6)-CF (green
fluorescence signal), Figure 5.

In this sample the RBC membranes were stained by a
hydrophobic dye, PKH26 (Methods), to provide a
“fixed” red fluorescence signal (Figure 5). After laser
illumination of the cell, pointed out by the blue arrow,
the green signal disappeared, while the red fluores-
cence could still be visualized in the shell, Figure 5b.
Here, 5(6)-CF is entrapped in the interior of the RBCs
without binding to cellular structures, and it can escape
by diffusion as soon as the membrane barrier is
opened. In contrast, PKH26 is incorporated in the
membrane lipid layer and cannot be released by
opto-nanoporation. Thus, Figure 5 again demonstrates
release from RBCs and serves as a negative control for
thermobleaching since the red fluorescence in the
membrane was not impaired. These effects are ex-
pected due to the strongly localized”® effects of
heating.

Noble metal nanoparticles convert electromagnetic
waves into heat,”® 8 a feature often used for fabrica-
tion at the nanoscale.® 88 The heat rise upon laser
illumination was both measured**®° and calculated,>
including conditions of different surrounding media.”
This process takes place on the nanometer scale, and,
applied to our study here, it can locally perturb the
membrane, thus leading to generation of pores and
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Figure 4. Frame-by-frame in situ analysis demonstrating release from a RBC upon laser illumination. The red circle identifies
the location of the laser, which is present only in frames (b) through (e). The blue arrows point to the RBC from which the
contents were released. The contrast in all frames was decreased for clarity of images; the white areas in images (d) and
(e) correspond to oversaturated signal. In the presented sequence (a) was recorded at 0, (b) 23.5, (c) 32.2, (d) ~33.1, (e) ~33.4,
(f) 34.5, (g) 35, (h) 36, and (i) 40 s. Positioning of the RBCs under the laser was conducted by the XYZ stage. Image (i) was
recorded over 6 s after the laser was switched off. The scale bar pertaining to all images corresponds to 10 um.

Figure 5. Release from loaded RBCs with labeled mem-
brane: (a) CLSM image of cells; (b) after near-IR laser
illumination on the RBCs, indicated by the blue arrow, the
green fluorescence signal from this cell disappears, but its
shell still exhibits red fluorescence. The scale bar corre-
sponds to 5 um.

increasing the permeability which should result in
release of encapsulated molecules. The size of pores
generated in the membrane depends on the size® of
nanoparticles or their aggregate, as the temperature
rise is inversely proportional to the distance® from the
nanoparticles.

A linear chain of five aggregated nanoparticles
upon application of near-IR light can produce up to
10 degrees of localized temperature rise.>' Larger
aggregates will produce a higher temperature in-
crease, but most importantly, the temperature rise is
highly localized (to nanoparticles and nanoparticle
aggregates). It decays quickly, decreasing to ambient
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temperature within a distance of several diameters of
nanoparticles or nanoparticle aggregates, and it can be
controlled by incident laser power or the size of nano-
particles or their aggregates.

We further discuss modeling of the temperature
rise, 27992 which is linearly proportional to incident
laser power and absorption coefficient.>* Au-NPs pos-
sess a strong surface plasmon resonance peak around
520 nm (or ~2.39 eV). Upon aggregation, longitudinal
modes provide the highest shift of the second peak,
while the transverse modes stay closer to the surface
plasmon resonance peak. In the case of aggregates, a
linear chain of nanoparticles and other aggregated
states provide a substantial shift noted in the extinc-
tion spectrum at higher wavelengths:**°4 In the case of
two nanoparticles only a linear aggregate is possible;
longitudinal mode excitation shifts the second peak to
~2.3 eV (for 10 nm nanoparticles).®>°* In the case of
three particles in an aggregate three (in-plane) situa-
tions are possible, with the second peak located around
2.1-2.2 eV (for 10 nm nanoparticles).’® Only a long-
itudinal mode of the linear chain of nanoparticles (and
modes split by the vertex angle®) produces a distinct
peak located at ~2.22 eV. For transverse modes the
excitation peak stays at ~2.4 eV. An aggregate hosts a
number of interacting nanoparticles, and although most
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Figure 6. Simulation of the temperature rise, AT, and its
distribution around (a) a Au-NP aggregate on a RBC and (b)
enlarged area around the aggregate in the plane perpendi-
cular to the incident wave. Scale bars correspond to 3 um
and 150 nm in (a) and (b), respectively.

contribution comes from scattering,”® some contribu-
tion to absorption, including its red-shift, occurs.”®

We modeled temperature rise upon excitation at the
surface plasmon resonance peak, where the exact
analytical solution of the absorption coefficient and
temperature rise exists. Such a calculation provides
somewhat of an overestimate of the temperature rise
compared to that with the near-IR laser excitation;”®
however, as demonstrated in Figures 3—5 such a
temperature rise is sufficient to induce release of
substances from RBCs. Thus, release takes places
through pores as demonstrated for capsules'® gener-
ated by opto-nanoporation. We present results of
modeling of the temperature distribution around a
Au-NP aggregate located on a RBC, Figure 6a. The
approximate size of aggregates (~150 nm, after
10—20 min of aggregation) was estimated from dy-
namic light scattering experiments performed in the
same PBS buffer, Figure S4. Calculations presented in
Figure 6b demonstrate that the temperature rise is
highly localized, i.e., around aggregates.

The basic underlying principles driving the release of
two distinct molecules from RBCs demonstrated in this
work—changing the permeability of the membrane by
localized heating and nanoplasmonics'®'—are similar
to those reported for microcapsules functionalized
with nanoparticles.102 In the latter case, release
was demonstrated inside living cells,>”#%'% including
neurons'® and cancer cells,'” and by transiently
opening and closing the polymeric membrane.'®
The fact that their shape is unaltered after release
(Figures 3—5) serves as an essential indication of the
localized effect?® of opto-nanoporation.

In sharp contrast to the localized temperature effect
described above, global heating has a profound effect
on RBCs as well as their deformability, ion permeability,
and aggregation behavior. RBCs start showing changes
of shape and shear modulus at temperatures above
47 °C.'967%7 For example, their shear modulus in-
creases by 30% at 47 °C. Above 46 °C after a lag period,
the ion leakage from the RBCs increases, leading to
shape changes, vesiculation, and finally thermal
hemolysis.'%®% These effects are strongly dependent
on temperature and time of exposure. It isimportant to
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underline that in those experiments, the whole
suspension containing RBCs was heated. This is
very different compared with experiments reported
in this work, wherein we have only a local temp-
erature increase, while global (micrometer- and large-
scale) temperature rise is insignificant. In the case of
capsules global temperature increase allows for
encapsulation,®® while local temperature increase
leads to release. Here, the laser has been applied only
for a short time period (on the order of seconds), and
no prolonged exposure occurred. Also, temperature
rise upon near-IR laser—nanoparticles interaction was
measured,®* and nonthermal effects can also influence
the permeability.'°

In other work, nanoparticles have been studied for
interaction with DNA'"" as well as with Cos-1 cells and
RBCs.''? Increasing the concentration of nanoparticles
led to an increased hemolysis of cells; so in the current
work the ratio of nanoparticles to cells was kept low to
prevent lysis. In addition to the approach demon-
strated in this work, absorbing anisotropic particles
(for example, nanorods) can be used. Nanorods''3~'1°
as well as carbon nanotubes''” are also quite efficient
absorption centers in the near-IR part of the spectrum
and have been applied to capsules (refer to ref 24 for a
review). It can be noted that our approach can be
applied to various delivery carriers.''®'"? In regard to
potential in vivo applications the proposed approach
can be used for remote activation close to the skin,
while potential penetration depth limitations may be
tackled by combining opto-nanoporation with techni-
ques and devices such as those applied in endoscopic
microsurgery, microinjectors, and optical fibers or
magnetic fields.'20~ 122

CONCLUSIONS

We have introduced nanoplasmonics-based opto-
nanoporation of the membrane of RBCs. Release of two
distinct molecules by near-IR light has been achieved
while preserving the shape of RBCs; this effect has been
demonstrated for discocytes as well as for echinocytes.
It is shown that gold nanoparticles aggregate in PBS at
high concentration and form active laser light absorp-
tion centers. Nanoparticle binding to RBCs is moni-
tored by Raman scattering. Results reported in this
work (a) provide the basis for study of the permeability
of RBCs (as well as other drug delivery vehicles and
membranes), (b) identify this nanoplasmonics ap-
proach as a useful method in studying the permeability
and thermodynamics of permeability of lipid mem-
branes containing oligosaccarides and proteins, and
(c) establish multiple-molecule delivery and release
from carriers such as RBCs. Temperature rise around
nanoparticle aggregates is simulated numerically
while taking into account an exact analytical solution.
Manipulation of RBCs®*°—fully biological and
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biocompatible drug carriers capable of transport-
ing several molecules—and other delivery vehicles
as well as remote control of the permeability
of their membranes is of interest in a wide range

METHODS

Materials. Rhodamine-dextran (7.5 kDa) and 5(6)-carboxy-
fluorescein (0.376 kD) were purchased from Sigma-Aldrich,
Germany, and were used as received without further purifica-
tion. PBS without Ca>* and Mg*" and with low endotoxin was
purchased from Sigma-Aldrich, Germany. The Red Fluorescent
Cell Linker Kit (PKH26) and other chemicals were obtained from
Sigma-Aldrich, Germany.

Gold Nanoparticle Synthesis. Gold nanoparticles were synthe-
sized using a previously reported protocol'?® by the reduction
of tetrachloroaurate in the presence of sodium borohydride in
toluene and stabilized by tetraoctylammonium bromide in
toluene. 4-Dimethylaminopyridine was used to facilitate phase
transfer of nanoparticles to water. The size of the gold nano-
particles (determined by TEM using a Zeiss Omega EM 912 atan
operating voltage of 120 kV) was in the range 5—10 nm, and
their zeta potential was +7.8 mV. Absorbance spectra of gold
nanoparticles in water and PBS buffer were measured with a
CARY 50 conc. (Varian, Germany) UV—vis spectrophotometer,
Figure S1, Supporting Information. The concentration of the
prepared and concentrated Au-NPs was estimated®® to be
~10"" NP/mL3; upon mixing with PBS buffer, nanoparticles were
diluted by a factor of 103, thus both reducing the concentration of
nanoparticles and minimizing dilution of buffer by water.

Loading RBCs with Fluorescent Dyes and Molecules. RBCs were
collected from healthy volunteers and anticoagulated with
ethylenediamine tetraacetate. Then the cells were washed
three times with PBS, 300 mOsm, pH 8. For encapsulation in
RBCs, 300 «L of RBC pellets and 300 uL of solution of Rh-dextran
(10 mg/mL) and 5(6)-carboxyfluorescein (1 mg/mL) in water
were mixed, resulting in hypotonic conditions (final osmotic
pressure in the RBC suspension was between 140 and 160
mOsm/kg, Osmomat 030, Gonotec, Berlin, Germany). The RBCs
were incubated under stirring at 4 °C for 1 h and then resealed
(through reconstitution of isotonicity) by adding 30 uL of PIGPA-
C solution (100 mM sodium phosphate, 5 MM adenine, 100 mM
inosine, 100 mM sodium pyruvate, 100 mM glucose, and 12%
sodium chloride, pH 7.4) and incubation at 37 °C for 1 h. The
loaded RBCs were washed three times with PBS (300 mOsm,
pH = 8, room temperature) to remove free hemoglobin and
excess dyes.

Membrane Staining for Negative Control of Thermobleaching. The
membrane of 5(6)-CF-loaded RBCs was stained by PKH26 using
a Red Fluorescent Cell Linker Kit for general cell membrane
labeling. PKH26 is a yellow-orange fluorescent dye with long
aliphatic tails, which incorporates into the lipid regions of the
cell membrane. The staining was performed according to the
manufacturer's instructions. Briefly, RBCs and the dye solution
were mixed to final concentrations of 1 x 107 cells/mL and 2 x
10® M PKH26, respectively. After incubation at room tempera-
ture for 5 min an equal volume of PBS with 1% BSA was added to
allow binding of excess dye. Finally, the cells were washed and
resuspended in PBS to a volume ratio of 50%.

Gold Nanoparticle Adsorption on RB(s. Gold nanoparticle adsorp-
tion was performed according to the following procedure. First,
1 mL of nanoparticles was further concentrated in a centrifuge
at 10 kRPM for 30 min; the supernatant was collected, leaving
~50 uL of concentrated nanoparticles solution. Then, 1T uL of
this concentrated nanoparticle solution was added to 300 uL of
RBC solution in PBS (2.5 x 10* cells/uL). Nanoparticle adsorption
took place within minutes.

Raman spectra were recorded on a WiTec confocal Raman
microscope (alpha300, WiTec, Ulm, Germany) equipped with a
piezo-scanner (P-500, Physik Instrumente, Karlsruhe, Germany).
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of biological applications such as transfection,
while delivery and triggered release of multi-
molecules is relevant for a broad spectrum of
therapies.??

Incident laser power used in these measurements 10 mW;
wavelength 785 nm. For Raman scattering investigation of
Au-NP adsorption on RBCs the latter were used without en-
capsulated molecules. Multiple and repeatable readings from
the same spot indicate consistency of measurements and
constant binding of nanoparticles to RBCs.

Opto-nanoporation. CLSM micrographs of the RBCs were taken
with a Leica confocal scanning system mounted to a Leica
Aristoplan and equipped with a 100x oil immersion objective
with a numerical aperture of 1.4. The excitation wavelength for
5(6)-CF was 488 nm, while that for Rh-dextran was 543 nm. For
remote release of encapsulated materials a home-built setup®'
was used. The laser location was fixed, while the sample was
positioned by an XYZ stage. The incident power (on the sample)
of the laser operating at 830 nm was set up to 30 mW, corre-
sponding to a power density of up to 500 kW/cm? (the beam
radius is on the order of 1 um; ~55% transmission>® of the
microscope objective is taken into consideration). Cells were
exposed for times on the order of seconds, which is longer than
the diffusion time of molecules across a characteristic size of a
RBC.”* Experiments were performed within 10 to 20 min of the
nanoparticle addition.

Experiments were conducted on a large number of cells
(minimum 50 cells per sample). Two types of experiments were
conducted for opto-nanoporation. In the first type of experi-
ments, RBCs were first visualized on the CLSM. Then they were
transferred to the optical setup for opto-nanoporation experi-
ments, after which RBCs were brought back to the CLSM for final
visualization. These images were recorded on the CLSM and are
presented in Figure 3 and Figure 5. In the second type of
experiments, referred to as in situ, opto-nanoporation has been
performed on the optical setup with a fluorescence lamp
coupled for visualizing. Here, release has been conducted and
observed in situ, i.e., directly in the setup. Data recorded using
this method are presented in Figure 4 and Figure S3.

Numerical simulations of temperature distribution around
Au-NPs were performed on COMSOL multiphysics software
using the following parameters: conductivity of water, 0.5 W/km;
size of nanoparticles, 10 nm; their absorption coefficient, 0.8
(it was calculated using refractive indices for bulk gold,124
wavelength ~520 nm); incident laser power on the objective,
30 mW; beam, ~1 um. Thermal conductivity of surrounding
medium was taken as that of water, the main constituent of
cells.?” The size (cross-section) of Au-NP aggregates was taken as
150 nm, which corresponds to the average size reached within 10
to 20 min after addition of Au-NPs. The temperature rise on the
nanoparticles is directly proportional to the incident power
density and absorption coefficient and inversely proportional
to the distance from the nanoparticles.34 For further calculations,
we took into consideration the so-called surface-to-volume®* or
accumulative’® heating from neighboring nanoparticles. In es-
sence, such an approach is similar to that based on the effective
medium calculation.”® For temperature calculation the Coulomb
interactions of nanoparticles, which depend on the interparticle
distance and polarization of light as well as retardation effects'*®
(the phase shift is small enough compared to the wavelength of
light even after aggregation), were not taken into consideration.
These effects are generally weaker than the surface-to-volume
heating of neighboring nanoparticles.
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