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ARTICLE INFO ABSTRACT

Keywords: Encapsulation of cells has been an active area of research. Among various methods for encapsulation, Layer-by-
Layer-by-layer Layer (LbL) offers extensive flexibility in the design of surfaces and their interfacial nanoarchitectonics. A diverse
LbL range of functionalities have been recently demonstrated for cell encapsulation including protection and
Cells . . . L . . s

. improved circulation. Here, we present a new strategy of cell encapsulation in a hybrid coating containing LbL
Encapsulation . . . . . . . co1rs
Viability assembly functionalized with gold nanoparticle aggregates. The effect of this hybrid coating on cell viability was
Nanoarchitectonics assessed. Subsequently, upon laser illumination the encapsulated cells undergo immediate necrosis caused by the
Laser localized heat generated by the laser beam on gold nanoparticle aggregates. Similarly to affecting polyelectrolyte
Remote multilayer capsules, one envisions controlling surface properties of cells remotely by a laser beam. Further ap-
Nanoparticles plications of the proposed approach are expected to be in biomedicine.

1. Introduction

Cell encapsulation is an active area of research, where various ap-
proaches exist, among which are fibrous coverage, hydrogel, the Layer-
by-Layer (LbL) assembly. The latter represents a flexible way of covering
cells, due to possibilities of choosing the type of polymers, the number of
polymers in the polyelectrolyte shell, incorporation of various molecules
and nanoparticles in the shell.

Originally, the LbL assembly has been applied on flat surfaces [1] for
thin layer deposition [2], later coatings and thick, exponentially grown
layers have been reported [3]. Applications interesting and attractive for
biology have been developed including LbL coatings and polyelectrolyte
multilayer capsules [4]. What makes the LbL assembly unique is the
availability of various stimuli for controlling encapsulation, release, and
manipulation due to the properties of different polymers [5]. Therefore,
it is important to study fundamental principles of the LbL assembly
[6-8], which enables design of surfaces with unprecedented precision in
the so-called nanoarchitectonics assembly [9]. Eventually, the LbL as-
sembly has been transferred to spherical particles serving as sacrificial
templates. In the area of polyelectrolyte multilayer capsules, intracel-
lular delivery functionalities [10], sensing and biosensing [11,12]

corrosion protection [13,14] are some application areas.

LbL-coating was also already extensively combined with cell
research, here two major approaches are known. In the first approach,
nanoparticles are coated to assess the changes in interactions with cells,
which can be explored in many biological applications. This strategy
was used to either decrease the toxic effects from certain nanoparticles
on cells (e.g. superparamagnetic particles [15], gold nanoparticles [16])
or rather increase the toxic effect [17]. This approach was also used to
create a strong association between neuronal progenitor cells and
magnetic nanoparticles allowing manipulate the location of the cells
[18]. In alternative approach, LbL assembly is used for directly coating
cells [19,20], later using them to serve as natural templates for poly-
electrolyte multilayer assembly [21,22], where red blood cells were
some of the first cells for assembly [15]. In addition, cells were coated
for protection when using them in sensors and biosensors [23]. A good
viability of cells coated with LbL assembly has been reported [24]. Since
then, the range of applications of LbL coated cells has been extended
[25,26]. Such interesting functionalities as improved circulation in
blood stream was demonstrated [27], while in another application
protection of cells has been achieved for long periods of time after their
coating with the LbL assembly [28]. In another example, T cells were
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coated with synthetic polyelectrolytes (namely polystyrene sulfonate
and polyallylamine hydrochloride) also containing gold nanorods and
resulting in a more inert T cell population for immunotherapy and
biomedical applications [29]. Coating of micro-organisms has been
conducted with the LbL assembly [30]. It can be noted that mimicking
cells [31] can be also done with LbL assembly, which adds additional
capability in comparison with polymeric capsules [32]. Although
various methods of LbL assemblies exist [33,34] including spraying
[35-37], traditionally used coating and washing procedure [38] is best
applicable for coating cells.

Developing hybrid organic-inorganic materials opens extensive op-
portunities for designing versatile materials [39], and LbL assembly has
been no exception [40-42]. Bringing in very different functionalities by
polymers, which represent an organic component, and nanoparticles,
which belong to inorganic materials, enable realization of different ap-
plications. For example, nanorods have been used as pH sensors [43]. In
regard with nanoparticles, an attractive application is to target such
polymeric assemblies as planar layers or spherical nanoparticles with a
laser beam. Noble metalnanoparticles have been shown to convert light
into heat, and this effect depends on the concentration of nanoparticles
and intensity of the laser beam [44]. As it is described above, this
principle has been applied to various polyelectrolyte multilayer assem-
blies [45-50]. But, to the best of our knowledge, the laser action on
nanoparticle functionalized encapsulated cells has not been reported to
date.

In this work, we have coated MCA205 fibrosarcoma cells with
polyelectrolyte multilayer coatings (Poly-L-arginine (P-Arg) (positive
layer) and 1:1 mixture of dextran sodium sulphate (DSS):Tetrame-
thylrhodamine isothiocyanate-Dextran (TRITC-Dextran) (negative
layer)) using the LbL assembly method. In the coatings, gold nano-
particles (AuNP) have been introduced. Characterization of nano-
particles has been performed by atomic force microscopy, while
fluorescence microscopy images confirmed the coatings of polymers on
the surface of cells, whose viability was investigated The assembly
performed in this work has been carried out with the purpose to make
cells responsive to remote action of near-IR laser light (785 nm wave-
length, situated in the phototherapeutic window thus leaving normal
tissue unharmed [51]), which was subsequently used to remotely affect
the coated cancer cells.

2. Materials and methods
2.1. Synthesis of AuNP

The AuNPs were synthesised following a previously published pro-
tocol [52]. Briefly, an aqueous solution of 30 mM HAuCl, (Sigma
Aldrich, product number: 520918) was added to a solution of C3oHggBrN
(Sigma Aldrich, product number 294136) (25 mM) in 80 mL of toluene
(Sigma Aldrich). In a couple of seconds, a phase transfer of the metal salt
can be noticed to the toluene phase. A reduction of the mixture is forced
by adding a 0.4 M solution of NaBH,4 (Sigma Aldrich)(25 mL). After
separation of the two phases, the toluene phase (containing the nano-
particles) is washed with 0.1 M HySO4, 0.1 M NaOH (Sigma Aldrich) and
H20 three times subsequently and finally dried over anhydrous NaySO4
(Sigma Aldrich).

2.2. Size analysis of AuNP

Size analysis of the AuNPs was performed using atomic force mi-
croscopy (AFM) imaging. For all images, the JPK-bioAFM Nanowizard 4
(Bruker, Germany) was used. The images were made in AC-mode (non-
contact imaging mode) at 0.8 Hz and a set point of 22 nm. The cantilever
used during these imaging experiments had a nominal spring constant of
40 N/m (cantilever n° 4 on the chip: AIO, BudgetSensors). To visualize
the gold nanoparticles, 25 pL of a solution of 3.63 x 10! AuNPs/mL was
dried onto freshly cleaved mica.
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2.3. Coating of cells

During the coating experiments, mouse fibrosarcoma MCA205 cells
were used. These cells are a murine fibrosarcoma cells often used for
studying the immune response to tumour cells and development of
targeted cancer immunotherapies [53]. These cells were cultured in a
Roswell Park Memorial Institute (RPMI) 1640 (Lonza) medium with
addition of 10% FBS (Lonza), 1% Pen/Strep (Lonza) and 1 mM sodium
pyruvate (Sigma-Aldrich). For the coating experiment, 5 x 10° MCA205
cells were used during the experiment. The positive polyelectrolyte
poly-L-arginine (P-Arg, Sigma Aldrich) is added as the first layer at the
concentration of 0.1 mg/mL in Hank’s Balanced Salt Solution (HBSS,
Sigma-Aldrich). Cells are incubated for 15 min in this solution, after
which the coated cells are centrifuged for 5 min at 1000 RPM and
washed three times using HBSS. The second layer is a mixture of a
negative polyelectrolyte and a fluorescently labelled polymer (TRITC--
dextran:dextran sodium sulphate (DSS) in a 1:1 ratio, Sigma-Aldrich),
which is also dissolved in HBSS. The same experimental steps, as
those for the poly-L-arginine, are executed here as well. For every sub-
sequent layer, one of the previous steps is repeated in alternating order.
In the last series of experiments, AuNPs were trapped in between
different polyelectrolyte polymer layers. AuNPs were added after the
first dextran layer (negatively charged) at a concentration of 5 x 101!
particles/mL in HBSS. For this coating layer, the same experimental
steps were used as those for the polyelectrolyte layers: incubation of 15
min with the AuNPs followed by a 5 min centrifugation at 1000 RPM
(rounds per minute) and three subsequent washes with HBSS.

2.4. Visualization of coated cells and image processing

Fluorescent imaging of the coated cells was performed using a Nikon
Ti eclipse microscope. The added label is Hoechst33342 (1 pg/mlL,
Thermofisher). All further image processing steps have been performed
in the software program ImageJ using custom macro’s.

2.5. Effect of coating on the cell viability

Viability tests were performed on cells using the PrestoBlue cell
viability assay. To perform these tests cells were seeded in 96 wells plate
to a volume of 180 pl. To measure the viability, 20 uL of reagent is added
to the wells containing cells and incubated for 3 h. Fluorescence was
measured using the Tecan infinite 200Pro (560 nm excitation wave-
length and 635 nm emission wavelength). To be able to determine the
number of viable cells that correspond to the fluorescent signal, a
standard curve was also included in these experiments (1000, 2500,
5000, 10000, 20000 cells, please refer to Supporting Information
Fig. S1).

2.6. Laser action on cells coated with polymeric LbL assembly and AuNP

To analyse the effect of the laser light on the cells LbL-coated cells
containing AuNPs, the cells were exposed to a near-infrared laser with
the wavelength of 785 nm. The incident power of the laser was 80 mW.
Encapsulated cells with AuNP aggregates were exposed to this laser for a
duration of 5 s. The objective used during these experiments was a 63x
WI/NA 1.0 (Nikon).

3. Results and discussion

The general course of experiments is depicted in Fig. 1. Initially,
polyelectrolytes had to be chosen and we opted for more biocompatible
polymers [54]:DSS and P-Arg. Assessing that cells have predominantly
negatively charged surfaces [55]; we have thus started the LbL assembly
with the positively charged polyelectrolyte, P-Arg. And the LbL assem-
bly has been conducted sequentially, alternating P-Arg with a mixture of
DSS:TRITC-Dextran (1:1 ratio), where both polyelectrolytes had similar
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Fig. 1. Schematic representation of hybrid LbL-AuNP coatings around cells. By exposing LbL-coated cells with gold nanoparticle aggregates to a 785 nm laser, a
strong localized heating can be induced resulting in necrotic cell swelling. To achieve an LbL-coating alternating postively and negatively charged polyelectrolytes
are used. Here, the positively charged polyelectrolyte is poly-L-arginine (P-Arg) and negatively charged polyelectrolyte is composed of a 1:1 mixture of DSS and

TRITC-Dextran.

molecular weights. Nanoparticle aggregates are incorporated in the
coatings between the LbL assembled layers with the final goal to be able
to destroy the coated cells by a laser beam (Fig. 1). Although both silver
and gold nanoparticles have been used in the past [38], we have chosen
gold nanoparticles for this study due to their stability.

3.1. Gold particle characterization

To allow cell illumination with laser, AuNPs need to be brought into
close contact with cells. To achieve a permanent association between the
cells and the gold nanoparticles aggregates, the cells can be coated in a
LbL-manner [38], and gold particles can be trapped in between these
coatings (due to their inherent positive charge) [52]. An important first
step is to characterize gold nanoparticles. Initially, we have immobilized
aggregated nanoparticles, which allows their easier visualization, and
which is necessary for generating near-IR absorbance [56]. AuNP size
analysis was performed with AFM imaging in constant amplitude mode
(AC mode, Fig. 2A). It was possible to measure that the average size of
aggregated AuNPs is ~ 65 nm (+/- 19 nm, n = 100) (Fig. 2B). Inter-
estingly, when analysing the AFM phase shift images, the AuNPs can
even be discerned more clearly, because AFM phase shift images provide
contrast based on different chemical properties of materials.

Using previously published data combined with the measured
diameter from the AFM experiments, it was possible to determine the
concentration of the AuNPs from the absorbance at 450 nm (Supporting
Information Fig. 2) [57]). Using these data we could conclude that the
original concentration of the particles was: 1.60 x 10'2 particles/ml
[57]. These calculations are important for knowing how many gold
nanoparticles are adsorbed in the cell coatings.

Phase image

Height image

3.2. Cell polyelectrolyte LbL-coating

To effectively attach AuNPs on the cellular surface, cells were coated
first with polyelectrolyte polymers. Adding layers of polyelectrolyte
polymers ensures a strong association of the AuNPs with the cells. In the
first approach, cells were coated using poly-L-arginine (MW =
15.000-70.000, (“+: a positively charged polyelectrolyte)) and a 1:1
mixture of DSS and TRITC-dextran (MW > 70.000, (“-": a negatively
charged polyelectrolyte)), based on a previously presented and gener-
alized protocols [58]. The positively charged polymer is used as the first
layer since mammalian cells have an inherent negative charge on their
membrane [55]. Usage of TRITC-dextran allows to confirm if coating of
the cells is successful using fluorescence microscopy. After adsorbing 4
layers of polyelectrolytes, the cells were stained with Hoechst33342
(nucleus stain) and imaged using fluorescence microscopy (Fig. 3). From
these images, the following observations can be made, cells are still
present after the coating protocol, which is indicated by the
Hoechst33342 stain (Fig. 3C). Furthermore, the red circle around the
cells indicate that cells are successfully coated with the TRITC-Dextran
polymer (Fig. 3B).

3.3. Cell viability experiments

The effect of the single cell coating on the viability of the cells was
tested using the PrestoBlue assay. Two different conditions were inves-
tigated, namely: cells coated solely with polymers (denoted as Coated)
and cells coated with polymers with adsorbed AuNPs aggregates in the
3rd layer (denoted as Gold-Coated). These coated cells were seeded into
5 wells of a 96 well plate (1000 cells/well). Of the 1000 seeded cells a
viability of 86 % and 83 % was measured 4 h after coating for the
polyelectrolyte-AuNP-coated and the polyelectrolyte-coated cells,

c Size distribution AUNPs
P d = 64.87 nm (+ 19.25 nm)

Counts
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Fig. 2. AuNP characterization deposited on mica substrate. (A) AFM phase image of AuNPs and small AuNP aggregates, materials with a similar chemical com-
pisition show a similar phase shift. (B) Left: height image of AuNPs and small AuNP aggregates. Right: zoom-in on individual AuNPs. (C) From the AFM images the
size distribution (the diameter of the nanoparticle aggregates) is obtained, revealing the average value of ~ 65 nm.
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respectively. The viability was measured again 24 h after performing the
coating. The number of viable cells increased significantly to 2659 (+
578) for the gold-nanoparticle coated cells and 2020 (& 441) for the
coated cells. This translates to 3.1 and 2.3 times increase, respectively
(Fig. 4A, B). In this 24 h period, the control cells exhibited 5.2 times
increase (Fig. 4C). This discrepancy between coated and un-coated cells
can be potentially explained due to the limitation of the division ca-
pacity of cells caused by the coating. However, the most important
observation following from these experiments is that most cells are still
viable.

The fact that surface coatings affects toxicity of gold nanoparticles
has been reported previously [16,17,59]. However, the most important
observation following from these experiments is that most cells is still
viable. Similar data on a higher cell viability of cells and irradiated cells
were found by others [60].

3.4. Effect of near-IR laser light on LbL-coated cells containing AuNP

In this work specifically, we are interested in the absorbance in the
phototherapeutic window, where the human tissue is most transparent,
and light has the most penetration (650-850 nm) [61]. During these
experiments a laser with the wavelength of 785 nm is used (which sit-
uates comfortably in this window). Absorbance of the individual parti-
cles at this wavelength was measured using UV-Vis spectrometry. The
individual AuNPs have a low absorbance at these higher wavelengths
(Absygs = 0.36 at the concentration of 7.98 x 10'2 particles/ml) (Sup-
porting Information Fig. S2). However, research has revealed that upon
aggregation of these particles, the absorption at higher wavelengths

Applied Surface Science Advances 5 (2021) 100111

Profic nes Fig. 3. Microscopy images of LbL-coated cells
(the scale bar = 20 pm). (A) A transmission
microscopy image of 3 coated MCA205 cells.
(B) Fluorescence microscopy images: the red
o %-simw | fluorescence channel showes the TRITC-
X (om) labelled dextran proving the successful cell
coating. Inset graphs show profile lines (white
line) through the coated cell, the red full line
represents the Dextran-TRITC signal. (C) The
blue fluorescence channel showing the
Hoechst33342 20 um Hoechst33342 label indicating the presence of
sl cellular nuclei inside the coatings. Inset graph
shows a profile line through the coated cell
(white line), the red dashed line represents the
TRITC-Dextran signal, the blue full line repre-
this figure legend, the reader is referred to the web version of this article.).

increases significantly [62]. Interestingly, when coating the cells with
gold nanoparticles, the buffer in which cells are present leads to gold
nanoparticle aggregation due to screening of charges because of the
presence of salt [54]. Previously, it has been shown that upon illumi-
nation of gold nanoparticles by a laser, light energy is converted to heat
leading to a localized temperature rise [44]. Furthermore, it was also
shown that by shortly illuminating AuNPs with a strong laser, a very
local explosion can be induced either by a continuous wave (CW) [63] or
pulsed laser [64,65] irradiation. In this research, we extend this idea by
establishing a permanent strong link between the AuNPs and cells. This
allows further manipulating, functionalizing and directing cells without
concerns about AuNPs. The necessity for adsorbing the preceding
polymer layers (before gold nanoparticles) is proven by the following
experiment: when only AuNPs were added to the cells and subsequently
centrifuged, no definitive associations between cells and AuNP aggre-
gates were observed (data not shown).

In Fig. 5A, control cells are shown without AuNP aggregates. Inci-
dence of a near-IR laser (785 nm, 80 mW power) for a duration of 30 s
does not show any effect on the cellular morphology, which proves the
important statement that these wavelengths do not affect normal tissue.
This is consistent with previous studies, where no adverse effects were
found by exposing cells to a near-IR laser [66]. In Fig. 5B and C, it is
shown that a short irradiation of a AuNP aggregate (5 s, 80 mW power)
leads to a significant morphology change in the targeted cell. The AuNP
aggregates can be distinguished as a dark opaque dot in transmission
microscopy (due to their broad absorbance spectrum). In Fig. 5B a
coated cell can be observed where a AuNP aggregates are added in situ,
here the irradiation of the AuNP aggregate results in an instantaneous

A B C
Coated cells Gold-Coated cells Control cells
Fedek kkk dedek
4000 4000 250004
£ 20000 -
2 3000 2 3000 8
o o o
Q Q e}
= 3 ﬁj & 15000 -
© © >
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€ € 3 10000 -
- 3
: : :
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< |:I*:| < 50004  *
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Fig. 4. Boxplot graphs showing results of the cell viability tests: (A) cells coated with 4 layers of polyelectrolytes. (B) cells coated with 3 layers of polymer and

adsorbed AuNPs. (C) control cells without any coating. Significance was calculated using a T-test with unequal variance, *** = p < 0.001. A significant increase for

the ammount of viable cells can be noticed for all conditions.
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Fig. 5. Remote laser action on cells functionalized with hybrid LbL-AuNP
aggreagtescoatings: (A) An uncoated control cell, inset (orange line on grey
background) shows schematically the contour of the targeted cell. Red arrow
indicates location of laser incidence. (B) The same targeted cell after laser
irradiation; inset (green line on grey background) shows cellular contour after
laser irradiation. No significant morphological changes can be observed. (C)
Uncoated cell with in situ addition of AuNP aggregates before irradiation, inset
(orange line) shows the contour of the cell and the targetted AuNP aggregate.
The red arrow indicates location of laser incidence. (D) Targeted cell after laser
irradiation inset (green line) shows cellular contour after remote action of laser
on the AuNP aggregate. The white arrow indicates cell swelling and plasma
membrane leakage typically associated with necrotic morphology. (E) LbL
coated cell containing AuNP aggregates before laser irradiation, inset shows the
contour of the cell (orange line) and the targetted AuNP aggregate. The red
arrow indicates the location of laser irradiation. (F) The same targeted cell after
laser irradiation inset (green line) shows cellular contour after AuNP aggregate
explosion. White arrow indicates cell swelling and plasma membrane leakage
typically associated with necrotic morphology (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of
this article.).

cell swelling strongly resembling a necrotic state (i.e. cellular swelling
and and absence of apoptotic bodies) [67]. The same laser incidence (5 s,
80 mW power) on a cell where AuNP is included in an LbL-coating leads
to a similar response Fig. 5C. It can be noted that the morphological
change in the uncoated cell (Fig. 5B) is stronger compared to the coated
cell (Fig. 5C). A possible explanation for these observations can be
twofold: firstly, the aggregate, which is activated by the laser, is
significantly larger in the second example. Secondly it is likely that due
to the LbL-coating of the cells, cell swelling is more constrained in the
first example.

3.5. The influence of the aggregation state of nanoparticles and laser on
nanoparticle coated cells

The state of nanoparticles affects the interaction of the laser with
polymeric capsules or cells coated with light absorbing nanoparticles. A
high density of coverage of nanoparticles results in an explosive effect as
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it was previously shown for microcapsules covered with silver nano-
particles [38], and as it is demonstrated here for cells covered with a
high concentration of gold nanoparticles. The local character of
laser-nanoparticle interaction has been recently discussed [68], where
the global temperature rise, used among others for encapsulation and
polyelectrolyte multilayer capsule shrinkage, has been contrasted to
local effects of increased temperature, used for localized heating and
release of encapsulated materials. In this work, we at remote cell death
induction, but we note that decreasing the concentration of nano-
particles and laser powers would lead to a more local effect [69]. Most
essential, controlling the nano-assembly of nanoparticles should allow
one to choose the desired action. Remotely affecting cells demonstrated
in this work will extend the already reported range of applications of cell
encapsulation [70].

Furthermore, the results of these experiments provide interesting
and new approaches for future research towards a better understanding
and development of immunotherapy applications [71], which are still
poorly understood [72]. By being able to induce cell death very locally
and carefully (as we show here with the AuNP coated cells), we open
possibilities to investigate interactions very specifically with the dead
cells with the cells of the immune system. Furthermore, the demon-
strated approach can be used for killing cells and bacteria [73] and also
combined with capsules embedded in coatings and layers for their
remote opening [74].

4. Conclusions

In this work, we have coated cancer fibrosarcoma MCA205 cells with
polyelectrolyte multilayer shell using the Layer-by-Layer (LbL) assembly
method. The coating of cells has been verified by fluorescence micro-
scopy visualising a fluorescently labelled polymer, namely TRITC-
dextran, used in the LbL assembly on cells. During the assembly of
polyelectrolytes, gold nanoparticles in the form of aggregates have been
incorporated into the layers. Incorporated AuNPs aggregates are capable
of absorbing laser light and converting it to heat — this effect is used for
destroying cancer cells coated with hybrid polyelectrolyte gold nano-
particles shell. Cell viability is studied revealing that in the LbL-AuNP-
coated cells are viable. Upon exposure to a laser operating in a biolog-
ically “friendly” near-infrared spectral window, nanoparticle aggregates
absorb light and convert it to heat, thus affecting the cells. In future, we
anticipate controlling the surface properties, and as a result, the remote
effect of laser on cells. The presented here results offer further oppor-
tunities for extending the range of application of the LbL assembly,
which has been extensively pursued by Helmuth Mohwald [4].
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