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Abstract

Many microorganisms produce specific structures, known as spores or cysts, to increase their resistance to adverse environ-
mental conditions. Scientists have started to produce biomimetic materials inspired by these natural membranes, especially
for industrial and biomedical applications. Here, we present biological data on the biocompatibility of a polydopamine-based
artificial coating for diatom cells. In this work, living Thalassiosira weissflogii diatom cells are coated on their surface with a
polydopamine layer mimicking mussel adhesive protein. Polydopamine does not affect diatoms growth kinetics, it enhances
their resistance to degradation by treatment with detergents and acids, and it decreases the uptake of model staining emitters.
These outcomes pave the way for the use of living diatom cells bearing polymer coatings for sensors based on living cells,
resistant to artificial microenvironments, or acting as living devices for cells interface study.

Graphical abstract

- duplication
- resistanceto harsh conditions
- functionalization

Bare diatoms

Keywords Diatoms - Biopolymers - Polydopamine - Artificial coating - Chloroplasts

< Danilo Vona

danilo.vona@uniba.it 1 Introduction
' Department of Chemistry, Universita degli Studi “Aldo Over the last decades several scientific works have been
Moro?, Via Orabona 4, 70126 Bari, ltaly focused on the study of synthetic materials tailored to con-
* Department of Chemistry, CNR-ICCOM-Bari, Via Orabona trol interaction of cells with extracellular matrices, and
4, 70126 Bari, Italy to increase cell stability [1]. Organic chemistry and poly-
*  Institute of Nanotechnology, CNR-NANOTEC, c/o mer science play a crucial role for this aim. Living cells

Dipartimento di Chimica, Universita di Bari, via Orabona 4,

70126 Bari, Italy can be directly functionalized and proposed as an efficient

@ Springer


http://orcid.org/0000-0001-7385-3918
http://crossmark.crossref.org/dialog/?doi=10.1007/s43630-022-00185-4&domain=pdf

950

Photochemical & Photobiological Sciences (2022) 21:949-958

alternative to the artificial materials for a variety of applica-
tions, including sensing and catalysis. Single cell modifica-
tion is a fascinating tool based on the introduction of non-
biogenic functional groups [2], macromolecular structures
on the cell surface [3], or inside the cytoplasm. Some of
these chemical modifications consist on the production of
artificial thin coatings to increase living cells resistance to
harsh conditions [4]. In Nature, bacteria, fungi, microalgae
and upper plants have evolved several mechanisms to pre-
serve themselves under unfavourable external conditions. In
particular, the survival of some marine organisms relays on
endowing themselves with shells and spores which protect
their genetic information by cellular encapsulation mecha-
nisms [5]. These structures commonly exhibit robustness
and resistance, and they increase the cell stability without
altering cell—cell or cell-matrix interactions. Once coated,
living cells should work together with biotic elements to
firmly maintain an ecological equilibrium, by colonizing
the surrounding environment while responding to external
events.[6]. Among the biomimetic materials, spore-like coat-
ings based on inorganic materials, such as silica [7], and
calcium carbonate, have been first proposed to coat yeasts
cells [8], as well as titania to coat single Chlorella microal-
gae cells [9]. Nevertheless, these structures exhibited rigid-
ity interfering with cells duplication. Hence, polyelectrolyte
multilayers have been investigated as alternative artificial
coatings for cells, being are softer and more adaptable to
deformation than inorganic coatings [4]. Examples of poly-
electrolyte-based systems explored so far are poly(amines)
and poly(styrene sulfonate) for yeast cells coatings [10],
poly(lysine) and poly(glutamic acid) for Bacillus subtilis
bacteria cells [11], poly(dimethyldiallyl ammonium chlo-
ride) and poly(styrene sulfonate) for human pancreatic islets
[12]. A multilayer coating made of chitosan, alginate, hyalu-
ronic acid and oligonucleotide polyelectrolytes was also pro-
posed for E. coli both to increase cels resistance and promote
oligonucleotide delivery for gene therapy [13]. Polyelectro-
lyte coating is limited to electrostatic layer-by-layer (LbL)
self-assembly of polyanions and cations, allowing resistance
to low pH values and salinities over 3%.

Polydopamine (PDA) was very recently used as coating
layer for Saccharomyces cerevisiae yeast cells to increase
their resistance against external agents (such as lytic
enzymes), without interfering with cell division and allow-
ing further functionalization of yeast cells with biomolecules
for biotechnological applications [14]. However, yeasts are
not the sole organisms that can benefit from PDA properties.
A PDA homogeneous layer was also used to shelter antigenic
epitopes on red blood cells (RBCs): it did not exhibit nega-
tive effects on red cell structure and function, especially on
oxygen transport [15]. Moreover, PDA was employed to coat
single rod-like tobacco mosaic virus (TMV) particles assem-
bled in nano-fibers and covered with gold nanoparticles [16].
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Polydopamine is a mussel-bioinspired material produced
via oxidative polymerization of dopamine (DA), a biological
catecholamine neurotransmitter being also the main compo-
nent of mussel adhesive proteins [17]. DA is easily polymer-
izable under alkaline conditions [18], and the polydopamine
coating is soft, adhesive [19], biocompatible and suitable
for further chemical functionalization [20]. PDA represents
a versatile coating polymer in several fields of applications
ranging from tissue engineering [21], to organic electronics
[22]. In this paper, we investigate the in vivo PDA encap-
sulation of single Thalassiosira (Conticribra) weissflogii
diatom cells to explore for the first time the effects of PDA
on diatoms’ viability. Diatom microalgae represent an amaz-
ing example of encased biological structures and they are
natural sources of mesoporous silica useful for photonics
and biomedicine [23]. Diatom frustules exhibit a hierarchi-
cally organized nanostructured architecture of silica layers
with different porosity, high surface area and tunability of
pore size depending on the algal species. Moreover, a great
advantage consists in the possibility to functionalize both
in vivo [24], and in vitro [25], diatoms’ biosilica for bio-
medical, photonic [26], optoelectronic and photobiological
applications [27, 28]. We demonstrate here that the encap-
sulation of single diatom cells in PDA has a very limited
impact on the viability of the cells, and it is an efficient
protocol to increase cell resistance to harsh environmental
conditions, paving the way to the possibility of using highly
resistant living diatoms for potentially manifold technologi-
cal applications.

2 Results

In this work, living Thalassiosira weissflogii single cells
have been encapsulated with a protective organic PDA shell.
A direct in situ oxidative DA polymerization was carried
out in the algal culture under weak alkaline conditions (pH
8.2), according to the protocol reported in the Experimental
Section. As first attempt, five different DA concentrations (0,
0.25, 0.75, 2, 3, 5 mg/mL) have been tested and then cells
have been checked using reflection microscopy after sam-
pling and deposition over reflecting silicon surfaces. Reflec-
tion microscopy images (Fig. 1a) revealed a generalized
blackening of the cells, as an effect of PDA coating forma-
tion, which increased overtime. PDA was found also inside
the box-like structures which kept their integrity and indi-
vidual shapes. Debris of cells and external PDA aggregates
were particularly abundant at 5 mg/mL DA concentration.
Once the coatings were obtained, cell growth kinetics were
performed for each DA concentration using fresh diatoms
medium and starting from the same cell density (5x 10*
cells/mL; Fig. 1b). A normal growth trend was observed for
0.25 mg/mL of dopamine and an increase in lag phase time
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Fig. 1 a Reflection microscopy pictures of living bare and PDA-coated microalgae starting from different dopamine concentrations. Scale bar:
5 pm. b Cell kinetics histograms of bare and coated living microalgae over 1, 4, 8 and 15 days of culture

was found for 0.75 and 2 mg/mL, although reaching a final
biomass of 75% over the control biomass. Finally, polydo-
pamine obtained from the highest concentrations resulted
detrimental also in terms of biomass at semi-plateau.

Living Thalassiosira weissflogii diatoms were then sub-
jected to both single and double coating treatments, using a
dopamine concentration of 2 mg/mL, to evaluate the effect
of the PDA layer thickness on cells growth kinetics. Reflec-
tion microscopy images (Fig. 2a) show that, after a single
coating treatment, diatoms appear as brownish microalgae
and retain their individual shape, whereas double coating
induces the formation of stacked cells with external clus-
ters or PDA aggregates outside cells. Cell growth kinet-
ics (Fig. 2b) was not affected by the single PDA coating
although a prolonged lag phase was observed likely due to
cells quiescent state [14], whereas a growth rate reduction
was recorded for the double-PDA-coated cells.

Since PDA double layer strongly inhibited diatom growth,
we focused attention on the investigation of the single PDA
coating as an efficient method of single-cell encapsulation,
mainly, as protective coating, without altering cell division.

A UV-Vis absorption spectrum (Fig. 3) was recorded for
PDA-coated diatoms (PDA @diatoms) and compared with
those of PDA nanoparticles (Fig. 3a, See “Methods”), the
DA monomer and non-coated diatoms. The PDA @diatoms
spectrum showed a broad band centered at 300 nm which
confirmed the presence of PDA around the cell, overlapping
the spectral region of diatoms’ biosilica scattering [29-31].
Moreover, the absorption peaks of Chlorophyll a and ¢ cen-
tered at 450 nm and 685 nm are evident in the spectrum of
untreated cells are hidden by PDA absorption scattering sig-
nal. The FT-ATR spectra for the PDA nanoparticles, the bare
Thalassiosira weissflogii diatom cells (Bare Diatoms) and
polydopamine-coated diatoms (PDA Diatoms) are shown
in Fig. 3c. The spectra of coated diatoms contain multiple
and complex signals around 1440, 1610 and 1720 cm™!,
corresponding to the stretching modes for the indole, C=C
quinone and carbonyl moieties related to the PDA backbone.
Moreover, the stretching signal of water around 3455 cm™!
exhibits a shoulder signal around 3260 cm™' corresponding
to internal amine-based moieties [30].
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Fig.2 a Reflection microscopy pictures of living bare, single PDA (PDA1) and double PDA (PDA2)-coated Thalassiosira weissflogii diatoms.
Scale bar: 10 pm. b Cell kinetics histograms of bare, single-PDA and double-PDA-coated diatoms over 1, 4, 8 and 15 days of culture

PDA-coated and bare diatoms were then spotted on sili-
con for SEM characterization and on glass for AFM investi-
gation (Fig. 4). Interestingly, the PDA layer seems to effec-
tively protect the integrity of the diatom micro-shells, that
are usually dramatically compressed during the process of
vacuum-assisted dehydration (Fig. 4a). This process has
been statistically validated for 81% of the observed fields
(25). SEM and AFM images in Fig. 4 reveal that after the
PDA coating, both PDA layer and nanoparticles appear
on the silica structures. Topographical data and the corre-
sponding “error signal” images clearly show an increase in
the surface granularity of the PDA-coated diatoms, more
specifically, with an increase in the surface roughness from
470 nm (for the bare diatom) to 540 nm. PDA particles have
a diameter in the range of 350 + 80 nm, and reach an average
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thickness (height) in the range 160+ 50 nm. Similarly, for
the bare diatoms the phase image is homogeneous in com-
parison with the one from PDA-coated diatoms. The latter
exhibit different chemical phase contrast due to the PDA par-
ticles. Both SEM and AFM images show that the PDA distri-
bution and coverage on the silica structure is quite uniform.

After the morphological characterization of the PDA-
coated cells, biological parameters such as cell viability,
permeability and chemical resistance were also studied.
Morphology and cell behaviour of PDA-coated diatoms
were investigated by confocal microscopy. Confocal
microscopy analysis (Fig. 5a) and 3D merge reconstruction
(Fig. 5b) performed on bare and PDA diatoms show the
presence of a dark layer around the cell after the polym-
erization process: the chemical decoration occurs not only
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Fig.3 a Confocal microscopy image of a single PDA-coated diatom
and a SEM image of PDA nanoparticles (PDA NPs; marker: 200 nm)
used as a control sample for the UV-characterization. b UV—visible
adsorption spectra of dopamine monomer, bare diatoms, PDA nano-
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Fig.4 a Scanning electron microscopy (SEM) pictures a, b 10 pmXx 10 pm Atomic force microscopy (AFM) images of bare and PDA-coated

diatom cells

on the box-like shells, but also inside sub-cell structures.
Inside cells, chloroplasts mottles are still red emissive,
compartmentalized and polarized: these data, together
with a fine cell morphology, constitute strong evidence
of maintained diatoms viability, even if the presence of
the PDA coating [32]. 3D comparison analysis allowed
us to determine that a PDA capsule (1.17 +0.388 pm
in thickness) is formed all over the whole transparent
shell of Thalassiosira weissflogii after functionalization.

Moreover, PDA-coated diatoms retain their ability to pro-
duce mitotic biological sub-structures. In details, elon-
gated, connective, mitotic sub-structures are visible in
PDA-coated cells using a sodium metasilicate surplus to
enhance cell duplication (Fig. 5c, di). As shown in confo-
cal micrograph focus (Fig. 5di—diii), PDA layer surrounds
the whole diatom structure preserving its box-like shape,
without altering chloroplasts that appear still red emissive,
compartmentalized, and polarized along the silica walls.
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(di)

Fig.5 Confocal microscopy images of single PDA-coated diatom and
bare cells (a, scale bar: 5 pm), 3D merge reconstruction (b, scale bar:
5 pm) and morphological behaviour of coated cells before (¢, scale

Cell viability of PDA-coated cells was also checked using
flow cytometry output comparison (Fig. 6) with non-coated
cells, as reported in the Materials and Instruments section.
Bare cells (control sample) were analyzed to set scatter-
ing and fluorescence thresholds. The parameter chosen as

Mitotic Inductior

3D COMPARISON

o p—

(dii)

bar: 10 pm) after sodium metasilicate-induced mitosis (di. low mag-
nification, scale bar: 5 pm; dii. high magnification; diii. high magnifi-
cation merged with chloroplasts emission, scale bar: 2 pm)

discriminator between living and dead cell populations was
chloroplast-bearing bright red fluorescence. In particular, red
emission of chloroplasts was recorded with a 670 + 15 nm
bandpass filter. An arbitrary red fluorescence value was fixed
as the highest value of viability for healthy cells. Diatoms
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Fig.6 Cytometric evolution of bare (ctrl) and PDA-coated diatom cells shown as distributions and bar histograms over times
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functionalized with PDA, analyzed in parallel with the con-
trol sample after 1, 4, 8 and 15 days of culture, as evidenced
in Fig. 6, exhibit positive parameters related to the viability
largely above the 60% of the overall cell population. Thus,
strongly supporting the positive biocompatibility of PDA
polymer coating.

The capacity of the PDA as protective coating for liv-
ing cells was assessed by exposing coated cells to different
harsh environmental conditions. Briefly, the bare and coated
diatoms were treated with 10%v/v HCI and 1%v/v sodium
dodecyl sulphate (SDS) solution at 55 °C (Fig. 7a, b). Via-
bility tests after the treatment were performed by auto-fluo-
rescence assay, with auto-fluorescence expressed as the ratio
of number of cells with red emitting chloroplasts, observed
by confocal fluorescence microscopy, over the total number
of cells observed in bright field. After addition of the HCl/
SDS solution, chloroplasts of PDA-coated living diatoms
were found to be still red emitting, integral and viable, as
opposed to the bare cells used as the control, that had lost the
chloroplast fluorescence. Permeability of the PDA layer on
cells surface was also explored (Fig. 7¢) performing an incu-
bation of control and coated cells with Rhodamine 123 [33],
a dye usually suitable for staining cells cytoplasm. A con-
focal microscopy investigation was performed at different
times of incubation, using fluorescein exc./em. parameters
for Rhodamine123 detection, and TRITC exc./em. param-
eters for chloroplasts luminescence analysis. PDA seems
to act as an artificial external membrane which avoids the
inclusion of the staining agent inside cells.

To test the capacity of the PDA-coating to sustain
further functionalization, we have successfully deco-
rated the PDA layer with silver nanoparticles (Ag-NPs)
directly deposited onto the living cells. Thus, taking
advantage from adsorptive, chelating and reducing ability
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Fig.7 a Confocal images of bare diatoms (ctrl) and coated (PDA1)
diatoms after treatment with (HCI/SDS) hot cleaning solutions; b
histograms of viability % (number of cells with emitting chloroplasts
versus number of total cells). ¢ Confocal microscopy images of Rho-

of poly-hydroxy-indole functionalities. Living diatoms
coated with PDA and silver were prepared using a stand-
ard procedure and characterized by Scanning Electron
Microscopy (Fig. 8) and EDX. SEM analyses revealed
that the Ag-NPs (d—e) covered about all the living PDA
diatom cell (a—c). The size of Ag-NPs produced onto PDA
surface was in the range of 15.38 nm + 0.9 (the smaller
size) and 77.1 pm + 7.4 (the larger size). Finally, EDX
analysis (histograms) was performed to define the atomic
element percentage in PDA cells and Ag/PDA cells. The
presence of silver on the biohybrids surface was confirmed
with values around 9.825 +1.96%. Silver was absent onto
PDA-coated cells.

3 Conclusion

Diatom cells have been successfully and individually coated
with a layer of polydopamine. The polydopamine guarantees
a uniform coverage, and it increases the resistance of these
cells to external agents, such as surfactants and strong acid
conditions, that are detrimental to cell life. Said resistance
enhancement takes place without affecting the natural mor-
phology of the cells, or hampering their ability to undergo
mitosis. Further functionalization of the organic polymer is
possible, thanks to its inherent chemical diversity, proving
its potential as a fundamental tool for general functionaliza-
tion of living cells, for any further technological application.
The synergy that arises from these coated-diatoms being
more resilient under harsh conditions, and readily prone to
functionalization, paves the ways towards a more general
use of these microalgae in long-term industrial processes
and applications.

=== Bare

=== PDA

SDS/HCI treat.

(c)

damine 123 stained diatom cells before (Bare) and after single PDA
coating, using bright field, fluorescein and TRITC parameters for
Rhod123 and chloroplasts luminescence detection, respectively
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Fig.8 SEM images of PDA-coated and PDA Ag-coated living diatoms. Marker: for PDA (a, b, d) 5 pm; for PDA (c¢) 1 pm; for PDA Ag (e),

200 nm. Table: EDX output

4 Materials and instruments

Tris(hydroxymethyl)aminomethane hydrochloride, dopa-
mine hydrochloride, potassium hydroxide, rhodamine 123
were purchased from Sigma-Aldrich. Conticribra weissflogii
or Thalassiosira weissflogii (culture collection of algae and
protozoa, strain 1085/18), F/2 Guillard and sodium meta-
silicate solution were purchased from CCAP. For AFM
characterization, topographic, error and phase data were
simultaneously acquired using the AutoProbe CP (Thermo-
Microscope) microscope using a gold-coated Si tip with a
resonant frequency of 80 kHz.in non-contact mode. Light
and fluorescent micrographs showed that diatoms when sup-
ported on glass assume a crushed shape that is affected by
PDA absorption as confirmed by topographical, error and
phase images. Scan electron (SE) microscopy equipment
consisted of a FEG SEM, Zeiss (3 keV, 0° tilting function)
and the confocal microscopy was a Leica SP8 X (bright field
function). UV-vis spectra were recorded on a Shimadzu
UV—2401 PC spectrophotometer (acquisition parameters:
slit width 1 nm; scan sampling 1 nm; single beam mode).
Bright-field optical images were recorded in reflection,
using Axiomat microscope, Zeiss. Fourier Transformed
Infrared-Attenuated Total Reflectance (FTIR-ATR) spectra
were acquired with a Perkin Elmer Spectrum Two Spec-
trophotometer equipped with A 2 X2 mm diamond crystal.
Spectra were recorded in the range 4000-400 cm™! with a
2 cm™! resolution, using 0.25 cm™! acquisition interval and
acquiring 32 scans for each sample.

5 Methods
5.1 Diatom culture conditions

Conticribra (Thalassiosira) weissflogii diatom cells were
grown in sterile F/2 Guillard and sodium metasilicate
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respectively in suspension and in adhesion on PS flasks
(200 mL) in a static batch bioreactor. F/2 Guillard sea water
was sterilized in autoclave and filtered twice (0.22 um &).
After Guillard stock additions (Na,Si05-9H,0, trace metals,
and a vitamin mix), the medium was buffered with NaOH
(2 N) reaching pH 7.8. Growth was controlled following
the standard diatoms parameters (7: 18 °C +2, Relative
% Humidity: 64%, Light:Dark cycle: 16: 8 h, white light
7000 Ix) optimized for obtaining cultures for technological
applications [32].

5.2 Invivo Polydopamine Encapsulation of Diatoms

Diatom culture (1 mL, 10° cells/mL) was collected by cen-
trifugation (1250 rpm, 12’) and pellet was washed with aque-
ous NaCl solution (0.85%) and TRIS (tris(hydroxymethyl)
aminomethane) buffer (10 mM, pH 8.5). Single PDA coating
of diatoms was carried out by adding dopamine hydrochlo-
ride (0.25, 0.75, 2, 3, 5 mg) in a suspension of diatom cells
in TRIS buffer solution (1 mL; pH 8.2, 10 mM) and gently
stirring for 3 h. Several washing steps with the TRIS buffer
were performed after the coating treatment. The polymeri-
zation of dopamine around cells was confirmed by contrast
phase and reflection microscopies and UV—Vis spectroscopy.
The double coating treatment was carried out by repeating
the procedure of PDA polymerization on single PDA coated
diatoms.

5.3 PDA nanoparticles synthesis

PDA nanoparticles were prepared dissolving dopamine
hydrochloride 1.0 mg in 2 mL of Tris—HClI buffer (10 mM,
pH 8.5). The mixture was stirred at room temperature for
5 h under atmospheric oxygen exposure to allow dopamine
polymerization. PDA nanoparticles were isolated as pellets
by centrifugation at 5000xg for 10 min and resuspended in
Tris—HCI buffer.
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5.4 Flow cytometry

Cell viability of PDA-coated cells was also checked using a
BD LSR Fortessa X-20 (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) cell analyzer. The quartz cuvette
flow cell in this apparatus is gel-coupled by refractive index-
matching optical gel to the fluorescence objective lens (1.2
NA) for optimal collection efficiency. Light emitted from the
cuvette was delivered by fiber optics to the detector arrays.
For each measurement, 10* data events were collected using
a flow rate of 12 uL min~". Bare cells (control sample) were
analyzed to set scattering and fluorescence thresholds as the
parameters that define a living cell population exhibiting
bright red fluorescence due to the chloroplasts.

In particular, red emission of chloroplasts was recorded
exciting the sample with a 405 nm laser (laser power 50
mW) and the emission was detected through a 670 + 15 nm
bandpass filter.

5.5 Cell resistance test

The protection efficiency of single and double PDA layers
for cells was tested treating coated and control diatoms with
10%v/v HC1/1%v/v SDS cleaning hot solutions at 55 °C.
Viability test after the treatment was done by auto-fluo-
rescence % assay, with auto-fluorescence % expressed as
the ratio of number of cells with red emitting chloroplasts,
observed by confocal fluorescence microscopy, over the total
number of cells observed in bright field. Measurements were
repeated ten times for the statistical evaluation.

5.6 Rhodamine 123 blockage experiment

After the single PDA coating, experiments of incubation of
coated diatoms with Rhodamine 123, were performed to test
the effect of PDA on the dye incorporation in coated cells
versus bare cells. 1 pL. of a Rhodamine 123 stock (10 mM)
solution in DMSO was added to 0.99 mL of the culture
medium, reaching a dye final concentration of 10 pM. A
confocal microscopy investigation was performed at differ-
ent times of incubation, using fluorescein exc./em. param-
eters for Rhodaminel23 detection, and TRITC exc./em.
parameters for chloroplasts luminescence analysis.

5.7 PDA-assisted functionalization of living
cells with Ag nanoparticles and SEM/EDX
characterization

The diatoms cells, after PDA coating, were immersed and
gently shaken in aqueous AgNOj; solution in distilled water
(0.1 M aqueous solution, 2 mL). The reaction was performed
for 24 h, to let silver NPs grow densely on the surface of
biosilica. Then the structures were washed with deionized

water. After Ag NPs formation, external organic matter and
eventually formed external Ag NPs were removed by suc-
cessive washing cycles with deionized water and aqueous
ethanol (10% EtOH, 90% H20), until discoloration of the
supernatant. Samples were casted directly on Si wafer and
dried overnight under vacuum pump for SEM and EDX
investigations.
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