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Artificial Melanogenesis by Confining
Melanin/Polydopamine Production inside Polymersomes

Claire E. Meyer, Cora-Ann Schoenenberger, Riccardo P. Wehr, Dalin Wu,
and Cornelia G. Palivan*

Melanin and polydopamine are potent biopolymers for the development of
biomedical nanosystems. However, applications of melanin or
polydopamine-based nanoparticles are limited by drawbacks related to a
compromised colloidal stability over long time periods and associated
cytotoxicity. To overcome these hurdles, a novel strategy is proposed that
mimics the confinement of natural melanin in melanosomes. Melanosome
mimics are developed by co-encapsulating the melanin/polydopamine
precursors L-DOPA/dopamine with melanogenic enzyme Tyrosinase within
polymersomes. The conditions of polymersome formation are optimized to
obtain melanin/polydopamine polymerization within the cavity of the
polymersomes. Similar to native melanosomes, polymersomes containing
melanin/polydopamine show long-term colloidal stability, cell-compatibility,
and potential for cell photoprotection. This novel kind of artificial
melanogenesis is expected to inspire new applications of the confined
melanin/polydopamine biopolymers.

1. Introduction

Melanin and melanin-like polydopamine (PDA), based on their
propensity to adsorb to a wide variety of materials and ab-
sorb UV-visible radiation, have emerged as integral components
of potent systems for biomedical applications, e.g., imaging
agents, drug carriers, antioxidants or for bone marrow/DNA
protection upon irradiation.[1–4] For building melanin-based
nanosystems, melanin is usually synthesized in vitro as ex-
traction of melanin from natural sources is complex and
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difficult to reproduce. Synthesis pathways
involve the oxidation of substrate L-DOPA
catalyzed by Tyrosinase to form a hetero-
geneous melanin biopolymer, while PDA
nanoparticles form upon spontaneous ox-
idation of dopamine.[1,5] Various melanin
and PDA-based nanoparticle architectures
have been developed depending on their as-
sociation with other nanomaterials. For ex-
ample, stabilized emulsion droplets made
of primary PDA nanoparticles and poly-
meric surfactant have led to mesoporous
PDA nanoparticles with intrinsic cavities.[6]

Different nano objects, e.g., liposomes or
polymeric nanospheres have been used as
PDA-coated templates to form shell-like
or multicompartment structures.[7–10] How-
ever, severe drawbacks including compro-
mised colloidal stability, especially over ex-
tended periods of time[11] (>3 months)
and cytotoxicity when the melanin/PDA

biopolymers are exposed at the surface of the particles[12–14] are
common to melanin/PDA-based nanosystems.[1,15–17]

In order to solve these drawbacks, we drew inspiration from
the architecture and functionality of melanosomes, special-
ized vesicles in melanocytes that produce and confine native
melanin within a phospholipidic membrane and when trans-
ferred to the outer skin layer, serve to protect the epidermis
from UV-related damages.[18] Here, we present the potential
of polymeric vesicles to simultaneously avert aggregation of
melanin/PDA and associated cytotoxicity while maintaining UV-
absorption properties (Scheme 1). Specifically, we investigated
the role of confining melanin/PDA in a vesicular compartment,
which acts as a shield similarly to melanosomes. In this re-
gard, soft-nanocompartments, i.e., liposomes and polymersomes
that, analogous to biological vesicles, consist of a bilayer mem-
brane enclosing an aqueous cavity lend themselves to building
melanosome mimics. Polymersomes possess the advantage of
increased mechanical stability and broad chemical versatility over
liposomes.[19] Moreover, when appropriately selected in terms
of the chemical nature of the amphiphilic copolymers, polymer-
somes are frequently non-toxic and can be combined with a vari-
ety of hydrophilic and hydrophobic molecules, be it embedded in
their membrane, covalently attached to their external surface or
enclosed within their cavity.[19–21] Thus, polymersomes are well
suited for many applications including sensing, drug produc-
tion/delivery, imaging, theranostics and to function as artificial
organelles.[19,22]
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Scheme 1. Polymerization of L-DOPA or dopamine within polymersomes mimicking the maturation of native melanosomes. The polymeric mem-
brane hinders melanin/PDA aggregation that is detrimental to cells. The obtained melanosome mimics, containing 5,6-dihydroxyindole (DHI)-based
melanin/PDA, show colloidal stability over an extended period of time, cell-compatibility and the potential for cell-photoprotection.

We developed different melanosome mimics consisting
of polymersomes encapsulating melanin or PDA. L-DOPA
or dopamine precursors were encapsulated together with
Tyrosinase, a key enzyme in melanogenesis, inside polymer-
somes. Subsequent incubation induced polymerization into
melanin or PDA in the compartment inner cavity. To build our
polymersomes, we chose a PDMS-b-PMOXA diblock copolymer
for its biological compatibility (stealth, non-toxicity), its mechan-
ical stability and impermeability to small molecules.[20,21,23–25]

Optimization of several factors including precursor and Tyrosi-
nase concentrations, as well as conditions (temperature and
time) of polymersome formation was critical in obtaining such
melanosomes mimics. We investigated the differences between
Melanin- and PDA-polymersomes in terms of UV-absorption
properties, colloidal stability and cytotoxicity. To our knowledge,
our system is the first example of melanin and PDA formation
within polymersomes where the membrane constitutes a shield
against aggregation and cytotoxicity of melanin and PDA while
UV-absorption properties are maintained.

Our system sets the stage for a biomimetic strategy based on
the encapsulation of melanin/PDA and could represent a proto-
type of novel melanin/PDA-based nanosystems.

2. Morphological Characterization of Melanosome
Mimics

Given the strong tendency of melanin and PDA to un-
specifically accumulate on various materials, the formation of
polymersome-based melanosome mimics required a strategy
where the self-assembly into polymersomes is not impeded
by aggregated melanin/PDA polymers. For this reason, we in-
vestigated the possibility of encapsulating melanin/PDA pre-
cursors (L-DOPA/dopamine) together with Tyrosinase inside
polymersomes before their polymerization occurs. While the
supramolecular buildup of melanin from precursors remains un-
clear, its molecular structure has been identified as a heteroge-
neous macromolecule composed of 5,6-dihydroxyindole (DHI)
and 5,6-dihydroxyindole-2-carboxylique acid (DHICA) at various
ratios.[26] Tyrosinase is the key enzyme of melanogenesis, as
it is involved in several oxidation steps: from the initial pre-
cursor L-Tyrosine to L-Dopa, from L-DOPA to DOPAquinone,
and later from DHI to indole-5,6-quinone (Scheme 2).[27] The
steps in between that lead to DHI do not directly involve Ty-
rosinase as quinones are a highly reactive species that spon-
taneously undergo a series of chemical reactions involving
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Scheme 2. Pathways of DHICA-based melanin or DHI-based melanin/PDA formation in presence of Tyrosinase.

cyclization and decarboxylation. We chose to encapsulate L-
DOPA and dopamine together with Tyrosinase inside poly-
mersomes to form our Melanin-polymersomes and PDA-
polymersomes, respectively.

As core component of our artificial melanosome mimic,
we synthesized via sequential ionic polymerization the short-
chained PDMS24-b-PMOXA12 to allow for fast self-assembly of
polymersomes (Figures S1 and S2, Supporting Information).
To initiate self-assembly into melanin- or PDA-polymersomes,
a solution of L-DOPA or dopamine was added to a PDMS24-b-
PMOXA12 thin film together with Tyrosinase. Phosphate buffer
saline (PBS, pH 7.4) was chosen as rehydration medium primar-
ily because our polymersomes are aimed at biological applica-
tions. Further reasons for using PBS are that salts present in the
buffer influence the morphology of the resulting self-assembled
structures. PBS has been reported to yield polymersomes that
are more stable than when self-assembled in water.[28,29] How-
ever, under conditions conducive to polymersome formation via
the film rehydration method (room temperature for 12 h),[20,30,31]

no polymersomes were formed but a brown-black sticky mate-
rial was obtained which obstructed the stirring (data not shown).
Thus, we optimized the time and temperature of film rehydra-
tion and concentrations of L-DOPA/dopamine to obtain polymer-
somes rather than sticky aggregates: rehydration solutions con-
taining concentrations beyond 1 × 10−3 м for L-DOPA/dopamine
and 3× 10−6 м for Tyrosinase were unsuccessful as melanin/PDA
polymerization was initiated at the same time as polymersome
formation. Hence, conditions were adapted to achieve encapsu-
lation of L-DOPA/dopamine and Tyrosinase into polymersomes
prior to polymerization into melanin/PDA: Polymersome forma-
tion was carried out at low temperature (4°C) for a short time
(30 min). Resulting polymersomes were further extruded and
subsequently purified by size exclusion chromatography (SEC) to
remove the unencapsulated L-DOPA/dopamine and Tyrosinase.
Thus, our optimized preparation method allows for rapid and

convenient formation of melanosome mimics without depend-
ing on protective atmosphere to prevent L-DOPA/Dopamine
oxidation. As previously reported, the ability to rapidly self-
assemble into polymersomes also at 4°C arises from the rel-
atively low molecular weight of short-length PDMS-b-PMOXA
that reduces steric hindrance amongst the polymer chains.[20]

The presence of L-DOPA/dopamine and Tyrosinase affected nei-
ther the self-assembly process nor the architecture of the re-
sulting polymersomes, as shown by transmission electron mi-
croscopy (TEM) where the typical deflated balloon morphology
corresponding to polymersomes was observed. Dynamic light
scattering (DLS) showed a diameter of 178 ± 70 nm (polydis-
persity index, PDI = 0.18) for Melanin-polymersomes and 173 ±
68 nm (PDI= 0.16) for PDA-polymersomes prepared with Tyrosi-
nase, which is consistent with the size of control polymersomes
rehydrated with PBS (172 ± 63 nm, PDI = 0.13) or with Tyrosi-
nase only (165 ± 49 nm, PDI = 0.12) under the same conditions
(Figure 1). Melanin- and PDA-polymersomes prepared with-
out Tyrosinase showed a similar size and morphology (Figure
S3, Supporting Information). Additionally, static light scattering
(SLS) further confirmed the vesicular nature of all melanosome
mimics and control polymersomes (Figure 1 and Figure S3: Sup-
porting Information). The radius of gyration (Rg) of polymer-
somes was determined, and when dividing it by the hydrody-
namic radius (Rh) derived from the DLS profiles, a ratio 0. 775
< Rg/Rh ≤ 1 was calculated for all melanin/PDA polymersomes
(with and without Tyrosinase) and control polymersomes (empty
or encapsulating Tyrosinase alone), which is representative of a
hollow spherical morphology.[30] Importantly, our polymersome-
based artificial melanosomes fall within the size range of the
native organelle, which greatly varies depending on the ethnic-
ity and skin condition (100–800 nm).[18,32,33] Also, the number
of Melanin-polymersomes (2.21 × 1012 vesicles mL−1), PDA-
polymersomes (2.15 × 1012 vesicles mL−1) (prepared with Tyrosi-
nase) and Tyrosinase-polymersomes (2.14 × 1012 vesicles mL−1)
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Figure 1. TEM micrographs and corresponding DLS and SLS revealing the morphology and size of A) Melanin-polymersomes (with Tyrosinase), B)
PDA-polymersomes (with Tyrosinase), C) empty polymersomes rehydrated with PBS only, and D) Tyrosinase-polymersomes. SLS data are composed of
a DLS profile showing the hydrodynamic radius (Rh) at different angles (cyan), the normalized intensity at different angles (black) and a corresponding
MIE fit (grey).

quantified by nanoparticle tracking analysis (NTA) was similar to
that of control polymersomes containing only PBS (2.06 × 1012

vesicles mL−1). This indicates that neither L-DOPA/dopamine,
nor Tyrosinase interfered with the polymer self-assembly into
polymersomes (Table S4, Supporting Information). These results
are in agreement with reports indicating that PDMS-b-PMOXA
polymersomes serve to encapsulate various active compounds
and biomolecules.[19,20,34,35]

3. Colloidal Stability of Melanosome Mimics

We chose L-DOPA as melanin precursor as it is rather stable
(compared to highly reactive quinone), more soluble than L-
Tyrosine, and because the use of downstream precursors like
DHI and DHICA is known to decrease the chemical versatil-
ity of the oligomers produced as it predisposes the resulting
melanin structure toward DHI- or DHICA-derived melanin that

have distinct properties.[11] The structure of PDA differs from
that of melanin as in PDA, monomers interact through 𝜋–𝜋
stacking and hydrogen bonds rather than covalent bonding.[11,36]

Although PDA is formed upon autoxidation of dopamine, we
also studied the effect of Tyrosinase on PDA formation within
polymersomes.[1,37] We estimated the concentration of encap-
sulated compounds based on the ratio of the starting concen-
tration (initially used for the self-assembly process of polymer-
somes formation) and the concentration of unencapsulated com-
pounds determined by measuring the absorbance in the frac-
tions collected from SEC purification (Figure S5, Materials and
Methods). We obtained concentrations of L-DOPA (0.13 × 10−3

м), dopamine (0.11 × 10−3 м) and Tyrosinase (0.28 × 10−6 м)
for corresponding polymersomes (1 mg mL−1). The resulting
encapsulation efficiencies obtained for L-DOPA (13 ± 3%) and
dopamine (11 ± 5%) were lower than what is usually obtained for
encapsulation of small molecules.[38] It is likely that stacking and

Macromol. Biosci. 2021, 21, 2100249 2100249 (4 of 11) © 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH



www.advancedsciencenews.com www.mbs-journal.de

Figure 2. A) Zeta potential values showing the absence of Dopamine, L-DOPA or Tyrosinase adsorption at the surface of polymersomes. TEM micro-
graphs of polymersome clusters formed after adding B) L-DOPA with Tyrosinase, C) Dopamine with Tyrosinase, D) L-DOPA and E) Dopamine to empty
polymersomes.

electrostatic interactions of the respective catecholamines make
their encapsulation difficult. In contrast, Tyrosinase encapsula-
tion efficiency (9 ± 4%) was within the range usually obtained for
enzyme encapsulation inside polymersomes.[20,34,39,40] We ruled
out the presence of L-DOPA, Dopamine or Tyrosinase adsorbed
to the outer surface of polymersomes as similar zeta potentials
were obtained for the different melanosome mimics and control
polymersomes formed with PBS only (Figure 2A). We also per-
formed an experiment where preformed control polymersomes
were mixed with low concentrations (100 times lower than the

1 × 10−3 м L-DOPA/dopamine and 3 × 10−6 м Tyrosinase used
for film rehydration) of L-DOPA/dopamine (10 × 10−6 м) and
Tyrosinase (30 × 10−9 м). The presence of small amounts of L-
DOPA and dopamine outside polymersomes resulted in the clus-
tering of polymersomes after one week of incubation at 37°C
and extensive aggregates (Figure 2B–E and Figure S6: Support-
ing Information). In contrast, no aggregation or clustering was
observed for the melanosome mimics (kept in similar condi-
tions), corroborating the absence of adsorbed compounds at the
surface of polymersomes. Indeed, Melanin-polymersomes and
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PDA-polymersomes showed high colloidal stability as they main-
tained their size for at least 6 months of storage at 37°C (Fig-
ures S7 and S8, Supporting Information). Hence, by means of
encapsulating precursors and Tyrosinase in polymersomes, we
introduce a unique approach to preventing melanin and PDA
aggregation, which opens new avenues for applying these ma-
terials. The colloidal stability of polymersomes not only prevents
the light-absorbing biopolymers harbored inside from aggrega-
tion, but we expect the polymeric membrane to simultaneously
confine melanin- and PDA-associated cytotoxicity while their UV-
absorption properties are maintained.

4. UV-Absorption Properties of Melanosome
Mimics

Melanin and PDA are known for strong absorption properties,
thus broad-brand UV-Vis absorption spectra are considered the
cornerstone for monitoring their polymerization.[1,3,36] We exam-
ined melanin and PDA formation within the polymersome cavity
(with and without co-encapsulated Tyrosinase) by measuring ab-
sorbance from 250 to 700 nm up to 24 h (Figure 3). The absorp-
tion spectrum for all polymersomes encapsulating L-DOPA or
Dopamine (with and without Tyrosinase) showed an upward shift
indicative of melanin/PDA compared to control polymersomes
(empty polymersomes or polymersomes encapsulating only Ty-
rosinase) where no shifts were obtained even after 24 h (Figure 3).
The presence of Tyrosinase (Figure 3D,F) led to an increased ab-
sorption for L-DOPA- and Dopamine-polymersomes, showing
that the enzyme promotes the production of melanin/PDA. In
the absence of Tyrosinase (Figure 3C,E and Figure S9: Supporting
Information), a plateau occurred around 450 nm, suggesting that
a certain amount of DOPAchrome/Dopamine-chrome did not
spontaneously convert (via decarboxylation) into DHI and thus
polymerization did not proceed.[41] Indeed, the intramolecular
cyclization of Dopa-quinone (via DOPAchrome intermediate) to
DHI is known to be very slow.[42] Interestingly, in the presence of
Tyrosinase, no unconsumed DOPAchrome/Dopamine-chrome
was observed, even though Tyrosinase is not directly involved
in the Dopa-quinone to DHI conversion (via DOPAchrome
intermediate) (Figure 3D,F).[27] However, Tyrosinase triggers
the formation of DOPAchrome precursor (Dopaquinone) and
the conversion of the DOPAchrome product (DHI) into reac-
tive indole-5,6-quinone.[27] Conceivably, Tyrosinase affects the
DOPAchrome/Dopamine-chrome formation or conversion to
DHI by influencing the equilibrium of intermediates resulting
from previous or later reaction steps. This hypothesis is sup-
ported by the 500 nm absorption shift obtained for L-DOPA
polymersomes in presence of Tyrosinase, indicating the for-
mation of DHI-derived melanin (Figure 3D and Figure S9:
Supporting Information).[43] Accordingly, a darker coloration of
Melanin-polymersome/PDA-polymersomes was visible by eye,
consistent with the fast oxidative polymerization of DHI (Fig-
ure S9, Supporting Information), as opposed to DHICA-derived
melanin that is known to be formed slower and lead to a
color-less solution, even after 24 h of reaction.[44] These re-
sults support that Tyrosinase favors the formation of DHI-
derived melanin rather than DHICA-derived melanin, which
is an advantage as DHI-melanin possesses increased visible
light absorption properties.[11] Notably, the absorption spectra

of PDA-polymersomes showed stronger absorption compared
to melanin-polymersomes over a broad range of wavelengths
(Figure 3). This could be explained by a facilitated formation
of PDA as it mainly involves fast occurring non-covalent inter-
actions (charge transfer, 𝜋-stacking, hydrogen bonding) rather
than covalent bonds among units as it is the case for melanin
formation.[36] These data suggest an enhanced potency of PDA-
polymersomes for UV-absorption applications as compared to
Melanin-polymersomes, especially when formed in presence of
Tyrosinase (Figure 3).

As the concentration of L-DOPA/dopamine encapsulated
in our melanin- and PDA-based melanosome mimics was
in the lower range of standard concentrations (25 × 10−6–
100 × 10−3 м) reported for the formation of Melanin and PDA
nanoparticles,[45,46] we induced self-assembly of high concentra-
tions of polymer (10 mg mL−1) to obtain concentrated polymer-
some solutions (around 2 × 1012 vesicles mL−1) that demon-
strate light-absorption properties (Table S4: Supporting Infor-
mation and Figure 3). Furthermore, PDMS-b-PMOXA poly-
mersomes are known to be impermeable to small molecules
but allow diffusion of molecular oxygen.[19,47] Thus, encapsu-
lated L-DOPA/dopamine is unable to diffuse out of the poly-
mersome while oxygen can freely diffuse across the polymer
membrane and mediate autoxidation or enzyme-catalyzed oxida-
tion of encapsulated compounds, leading to L-DOPA/dopamine
polymerization inside the polymersome cavity. Control exper-
iments with free L-DOPA/Dopamine were performed under
corresponding conditions, i.e., solutions of L-DOPA/Dopamine
(0.13/0.11 × 10−3 м) incubated at 37°C with or without Ty-
rosinase (3 × 10−6 м) (Figure S10, Supporting Information),
to test whether melanin/PDA formation takes place under
these conditions (concentrations, temperature, time). We ob-
served a rapid change in color accompanied by aggregation
after 12 h, indicating the formation of Melanin/PDA under
these conditions (Figure S10, Supporting Information). Sim-
ilar to the Tyrosinase-related color change observed in poly-
mersome samples, free L-DOPA/dopamine also revealed the
enhancing effect of Tyrosinase in obtaining light-absorbing
materials.

The evident aggregation of melanin/PDA in solution further
demonstrated the low colloidal stability of such materials com-
pared to when encapsulated inside polymersomes (Figure S10,
Supporting Information). The aggregation process within poly-
mersomes is most likely terminated by the limited amount of
L-DOPA/Dopamine available in the compartment. Aforemen-
tioned SLS experiments provided insight on the buildup of
melanin/PDA inside polymersomes (Figure 1 and Figure S3:
Supporting Information). Particularly, ratios obtained for con-
trol polymersomes and melanosome mimics were all within
0. 775 < Rg/Rh ≤ 1, indicating a hollow spherical morphol-
ogy of polymersomes. In other words, consistent with the ab-
sence of an optically dense core, polymersomes were not turned
into hard spheres in the conditions we used for the polymer-
ization of PDA/melanin in their cavity.[30] Thus, the forma-
tion of a single, large melanin/PDA nanoparticle in the poly-
mersome interior can be excluded. Additionally, the values of
the Rg/Rh ratio of the melanosome mimics were close to 1,
which can be attributed to the low encapsulation efficiency of L-
DOPA/dopamine resulting in a limited amount of compounds
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Figure 3. Melanin and PDA formation within polymersomes monitored via UV–vis spectroscopy. Absorption spectra measured at t = 0 (gray), t =
12 h (cyan) and t = 24 h (orange) of incubation at 37°C of A) Empty polymersomes, B) Tyrosinase polymersomes, C) L-DOPA polymersomes, D) L-
DOPA polymersomes (with Tyrosinase), E) Dopamine polymersomes, F) Dopamine polymersomes (with Tyrosinase). Snapshots illustrate the color of
corresponding polymersome solutions after 24 h of incubation (more details in Figure S10, Supporting Information).

available for reaction inside the cavity. We were interested to
have low encapsulation efficiency for L-DOPA/dopamine to eval-
uate the sensitivity of the reaction for low amounts of reac-
tants. Because our melanosome mimics are also impermeable,
they are not directly comparable to permeable systems showing
lower Rg/Rh, where the confined polymerization reaction relies
on a supply of reagents from outside the cavity.[48] Our control

polymersomes rehydrated with PBS had an Rg/Rh (0.94) sim-
ilar to that of Melanin-polymersomes (0.93 with Tyr and 0.96
without) and PDA-polymersomes (0.96 with Tyr and 0.98 with-
out). Thus, we ruled out the possibility of a thick Melanin/PDA
coating on the inner surface of the polymersome. As the SLS
data excluded the presence of a dense melanin/PDA core or a
melanin/PDA coating on the inner polymeric membrane, we
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Figure 4. Interaction of polymersome-based melanosome mimics with HaCaT cells. A) Cell proliferation assay showing the non-toxicity of different
polymersomes encapsulating dopamine and Tyrosinase (dashed purple), L-DOPA and Tyrosinase (dashed gray), dopamine (purple), L-DOPA (gray),
PBS (yellow), Tyrosinase (dashed yellow) compared to control PBS without polymersomes (blue). Cells were incubated with respective polymersomes
for 24 h. B) Cell proliferation assay showing the cytotoxicity of free L-DOPA/dopamine (with and without Tyrosinase) compared to PBS. C) Cell prolif-
eration assay showing the cytotoxicity/cell protection effect of different kinds of polymersomes after 40 min of UV-irradiation of cells treated for 24 h
with polymersomes. D) CLSM images showing perinuclear localization of model polymersomes (encapsulating fluorescent Atto-488) in keratinocytes.
Statistical significance was shown as p values < 0.02.

consider that melanin/PDA within polymersomes was probably
present as oligomers and/or lower-nanometer range protopar-
ticles. This notion is in agreement with published data where
Tyrosinase-mediated formation of melanin in solution led to
6 nm melanin protoparticles when the reaction was induced in
a restricted area.[5,11,49] It should be noted that indirect meth-
ods (TEM, DLS, SLS, UV-vis) have been used to characterize
our melanosome mimics as their nano dimensions prevent di-
rect imaging. Likewise, the intricate structure of melanin/PDA,
as well as its propensity for stickiness and aggregation hamper a
structural analysis of the polymersome contents if the bounding
membrane were to be extracted. Based on our data showing that
by sequestering L-DOPA/dopamine inside polymersomes, pro-
duction of melanin/PDA with light-absorption properties with-
out large scale aggregation is feasible, and in view of future
biomedical applicability of such melanin/PDA-polymersomes,
we next addressed the interactions of our melanosome mimics
with cells.

5. Cytotoxicity and Potential for Biomedical
Applications

Although melanin is a biological pigment and PDA functions
in a large variety of bio-applications, both materials show cy-

totoxicity under certain conditions, e.g., upon UV-irradiation
or at increased concentration of the nanoparticles (0.042 mg
mL−1).[12–14,50] To assess the cytotoxicity of our melanosome mim-
ics, we carried out cell proliferation assays with the keratinocyte
cell line HaCatT (Figure 4A) because in the epidermis, mature
melanosomes are transferred to keratinocytes where they accu-
mulate around the nucleus to act to protect DNA from UV-
radiation damage.[18,33] After incubation of HaCaT cells with
polymersomes at high concentration (0.25 mg mL−1 of poly-
mer corresponding to 0.5 × 1012 vesicles mL−1, see Table S4:
Supporting Information) for 1 day, we did not observe cytotox-
icity of our melanin/PDA polymersomes or control polymer-
somes. In contrast, when we carried out the same experiment
with melanin/PDA formed in solution under corresponding con-
ditions, we found significant toxicity compared to PBS or con-
trol solution containing only Tyrosinase (Figure 4B and Figure
S11: Supporting Information). The apparent cytotoxicity proba-
bly arose from the large melanin/PDA aggregates that hinder
cell proliferation when no measures are taken to limit the ag-
gregation of melanin/PDA (Figure S12, Supporting Informa-
tion). Thus, our polymersome-based melanosome mimics, via
sequestering of melanin/PDA and prevention of aggregation,
eluded cytotoxicity, which renders them suitable for biological
applications.
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Additionally, we tested the cytotoxicity of our melanosome
mimics upon 40 min of UV irradiation as melanin and PDA
are cytotoxic under certain conditions, e.g., can favor lipid per-
oxidation when UV-irradiated.[12–14] We observed no increase in
cell deaths compared to PBS, suggesting the absence of UV-
triggered damaging reactions for our melanosome mimics or
control polymersomes (Figure 4C). Notably, in the presence
of PDA-polymersomes (with Tyrosinase), we observed an en-
hanced cell viability compared to control cells. This potential UV-
protection activity is indicated by the higher absorption intensity
of PDA-polymersomes formed in presence of Tyrosinase (Fig-
ure 3) compared to melanin-polymersomes (Figure 4C). Confocal
laser scanning microscopy micrographs of HaCaT keratinocytes
treated with polymersomes encapsulating Atto-488 fluorescent
dye confirmed that our polymersomes have the ability to enter
cells where they tend to localize around the nucleus at 24 h of
incubation (Figure 4D). This data indicates that our melanosome
mimics are a promising alternative for biomedical applications as
they demonstrate long-term stability without aggregation, which
is a main requirement for translational applications, but are also
non-cytotoxic even at high concentration and show the prospec-
tive for cell photoprotection.

6. Conclusion

By mimicking the architecture of native melanosomes, poly-
mersomes were exploited to spatially confine melanin/PDA
production in order to avoid the main pitfalls associated
with melanin/PDA nanoparticles such as aggregation and
cytotoxicity.[11] By reproducing for the first time Tyrosinase-
mediated melanin synthesis in the confined environment of
a soft nanocompartment, i.e., inside polymersomes, we more
closely mimic the natural biosynthesis that takes place in
melanosomes. For comparison, we produced polydopamine
(PDA) within the cavity of polymersomes in a similar fashion,
as PDA is the main analogue of melanin and as an emerging
biopolymer material with interesting coating properties holds
large potential for many applications. By the specific selection
of a short-chained PDMS-b-PMOXA polymer, our polymersome-
based systems showed great colloidal stability, UV-absorption
properties as well as the absence of cytotoxicity and a poten-
tial for cell photoprotection. The sequestration of melanin/PDA
inside polymersomes is a new way of avoiding aggregation,
even over extended periods of time that is generally difficult to
achieve with melanin/PDA nanoparticles. At the same time, the
polymeric membrane enclosing melanin/PDA acts as a barrier
preventing cytotoxicity that is associated with non-encapsulated
melanin/PDA under certain conditions. Inspired by nature, we
provide a new system that side-steps the main drawbacks of
melanin/PDA and thus could extend the applicability of these
potent macromolecules. Furthermore, the chemical versatility
of polymersomes and their numerous possibilities for func-
tionalization greatly extend the range of applications for these
biomimetic nanomaterials. For example, with further develop-
ment, these melanosome mimics could be used as a “healthy”
substitute for melanosomes, which are defective in diseases such
as Vitiligo or Albinism, and thus could reduce the risk of devel-
oping skin cancers.

7. Experimental Section
Materials: All compounds were used as received. Tyrosinase from

Mushroom (Mw 138 kDa, pI 4.7 – 5, size 213.53 × 83.72 × 66.95 Å[51]),
Dopamine hydrochloride (3,4-dihydroxyphenethylamine -hydrochloride,
Mw 189.64 g mol−1) and L-DOPA (3,4-dihydroxy-L-phenylalanine, Mw
197.19 g mol−1) were purchased from Sigma-Aldrich (Buchs, Switzer-
land). Sterile Dulbecco’s PBS (pH 7.4, 0.2 g L−1 KCL, 0.2 g L−1 KH2PO4,
8 g L−1 NaCl, 1.15 g L−1 NaH2PO4) suitable for cell assays was purchased
from BioConcept (Allschwil, Switzerland).

Synthesis of PDMS24-b-PMOXA12: Poly(dimethyl siloxane)-block-
poly(2-methyl-2-oxazoline) (PDMS24-b-PMOXA12) was synthesized
following a previously reported protocol.[52] Briefly, hydroxyl-terminated
PDMS (PDMS-OH) was obtained after anionic ring-opening polymeriza-
tion of hexamethylcyclotrisiloxane (13 eq, 0.6 g mL−1 in cyclohexane:THF
10:1 V/V) starting from n-butyl lithium (1 eq) and end group modification
with 2-allyloxyethanol. Subsequently, activation of PDMS-OH (1 eq,
0.1 g mL−1 in n-hexane) with trifluormethanesulfonic anhydride (1.2
eq) was followed by cationic ring-opening polymerization of MOXA
monomer (14 eq). After quenching the polymerization with water and
purification by dialysis, the final diblock copolymer was obtained. The
average composition and molecular weight (Mw = 2400 g mol−1) were
obtained from 1H NMR spectroscopy, and a dispersity of 1.16 was
measured by gel permeation chromatography (Supporting Information).
Based on previous studies involving cryo-TEM experiments of similar
copolymers,[53] and taking into account the specific block ratios, the
thickness of the membrane was deduced in PDMS24-b-PMOXA12 vesicles
to be 11–11.5 nm.

Preparation of Melanin/PDA Polymersomes: PDMS24-b-PMOXA12 di-
block copolymers were dissolved in ethanol to yield a stock solution
(10 mg mL−1). 600 μL of this solution were transferred into a 5 mL
round-bottom flask and dried in a rotary evaporator (170 mbar, 40 ˚C,
75 rpm). The resulting thin polymer film was rehydrated with a solu-
tion composed of 300 μL of Dopamine or L-DOPA (2 × 10−3 м in PBS)
and 300 μL Tyrosinase (6 × 10−6 м in PBS). The resulting solution was
stirred for 30 min at 4°C and then extruded (under sterile conditions)
15 times through a polycarbonate (PC) membrane with a 200 nm di-
ameter pore size using an Avanti mini-extruder (Avanti Polar Lipids, Al-
abama, USA) to unify the size of the polymersomes. Unencapsulated com-
pounds were removed by size-exclusion chromatography (SEC) with cold
PBS as mobile phase. Extrusion and SEC purification were carried in a
laminar flow hood, using sterile PBS and sterilized extruders, tubings and
flasks. The polymersome samples were then placed in an incubator previ-
ously disinfected with 70% ethanol, to follow their stability at biologically
relevant 37°C.

Preparation of Control Polymersomes: Control polymersomes were pre-
pared as described for melanin/PDA polymersomes (600 μL of 10 mg
mL−1 PDMS24-b-PMOXA12 solution; 30 min stirring at 4°C) with the fol-
lowing modifications: empty polymersomes were rehydrated with only
PBS; Atto-488 polymersomes were rehydrated with 0.2 × 10−3 м of Atto-
488 in PBS, Dopamine or L-DOPA polymersomes were rehydrated with
PBS (300 μL) and 300 μL of Dopamine or L-DOPA (2 × 10−3 м), respec-
tively.

Dynamic Light Scattering (DLS): The apparent diameters DH of poly-
mersomes were determined on a Zetasizer Nano ZSP (Malvern Instru-
ments Inc., UK) at 25°C at an angle of 173°. Each sample was diluted with
PBS to 0.1 mg mL−1 final concentration. A cuvette was filled with 500 μL
sample and subjected to 11 runs with three repetitions. As measurements
were carried in PBS (pH 7.4, 15 mS cm−1), which is a high conductivity
medium, the monomodal mode was employed in the Malvern software
(rather than general purpose) to obtain reliable zeta potential data. Under
these conditions, no black coloration of the electrodes was observed.

Static Light Scattering (SLS): Multi-angle dynamic light scattering
(DLS) and static light scattering (SLS) were performed on a setup from
LS Instruments (Switzerland), equipped with a 21 mW He-Ne laser (𝜆 =
632.8 nm) for scattering angles from 30° to 150° at 25°C. All samples were
diluted in order to avoid multiple scattering. Second-order cumulant anal-
ysis for various angles was performed to obtain the hydrodynamic radius
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(Rh). The radius of gyration (Rg) was obtained from the SLS data using a
MIE fit.[30]

Zeta Potential Measurements: The electrophoretic mobility of vesicles
in solution was determined by means of laser Doppler velocimetry and
phase-analysis light-scattering measurements. A Malvern Zetasizer Nano
ZSP (Malvern Instruments Inc, UK) with a 633 nm wavelength laser was
used for all measurements. The vesicle samples (0.1 mg mL−1) were mea-
sured in PBS with five repeat measurements per sample. All experiments
were run at 25°C.

Transmission Electron Microscopy (TEM): 5 μL aliquots of polymer-
somes (0.1 mg mL−1) were adsorbed to 400 mesh copper grids. Excess
liquid was blotted and grids were negatively stained with 2% uranyl ac-
etate. Micrographs of nanostructures were recorded on a Philips CM100
transmission electron microscope at an accelerating voltage of 80 kV.

Estimation of Tyrosinase Encapsulation Efficiency: Tyrosinase polymer-
somes (Tyrosinase Ncomp) were produced via film rehydration using
300 μL of PBS and 300 μL of Tyrosinase (6 × 10−6 м) under the same
conditions as Melanin/PDA polymersomes. The concentration of non-
encapsulated Tyrosinase was determined from the fraction of free Tyrosi-
nase present in the solution after size exclusion chromatography (SEC)
purification of Tyrosinase Ncomp. After UV-vis absorbance (280 nm) mea-
surements using a NanoDrop 2000 spectrophotometer (Thermofisher),
the amount of Tyrosinase molecules encapsulated for 1 mL of polymer-
somes (1.69 × 1013) was determined by calculating the difference be-
tween the amount of Tyrosinase used for film rehydration and the amount
of enzyme that was not encapsulated. In parallel, the concentration of
vesicles (2.1 × 1012 vesicles mL−1) was determined via single nanopar-
ticle tracking analysis (NTA) using a NanoSight NS300 instrument from
Malvern Analytical (Malvern, United Kingdom). The number of encapsu-
lated Tyrosinase molecules was divided by the number of vesicles, ob-
taining a value of 8 ± 3 Tyrosinase molecules encapsulated per vesi-
cle. An estimation of the percentage of Tyrosinase encapsulated yielded
9 ± 4%. After SEC purification, a Melanin/PDA polymersome solution of
1 mg mL−1 was obtained, corresponding to a Tyrosinase concentration of
0.28 × 10−6 м.

Estimation of Dopamine and L-DOPA Encapsulation Efficiency: Control
polymersomes enclosing only Dopamine or L-Dopa (see above) were used
to assess the number of Dopamine and L-DOPA molecules per polymer-
some. The concentration of Dopamine and of L-DOPA encapsulated in
1 mL of polymersomes (1 mg mL−1) was assessed via UV-vis absorbance
(280 nm; SpectraMax ID3 microplate reader, Molecular Devices, U.S.A.),
by determining the fraction of unencapsulated Dopamine/L-DOPA ob-
tained from SEC purification of polymersomes. In parallel, the concentra-
tion of vesicles (1.9 × 1012 vesicles mL−1 for Dopamine polymersomes
and 1.9 × 1012 vesicles mL−1 for L-DOPA polymersomes) was determined
via NTA. The total number of encapsulated molecules was divided by the
number of vesicles, obtaining a value of 3.8 × 104 ± 0.4 × 104 Dopamine
molecules/vesicle and 4.4 × 104 ± 0.3 × 104 L-DOPA molecules/vesicle.
Considering the initial concentration of Dopamine and L-DOPA used for
film rehydration (1 × 10−3 м), the percentage of encapsulation was es-
timated to be 13 ± 3% for Dopamine and 11 ± 5% for L-DOPA. Based
on this encapsulation efficiency, the concentration of Dopamine and L-
DOPA in concentrated solutions (1 mg mL−1) of Dopamine and L-DOPA
polymersomes was estimated to be 0.11 × 10−3 м and of 0.13 × 10−3 м,
respectively.

Control Experiment for Surface Adsorption of L-DOPA/Dopamine: Pre-
formed empty polymersomes (1 mg mL−1) were mixed with L-
DOPA/Dopamine (final concentration of 10 × 10−6 м), with and without
Tyrosinase (final concentration of 30 × 10−9 м), and incubated at 37°C for
up to 1 week. The concentrations chosen were 100 times lower than those
used for film rehydration of polymersomes.

Kinetic Assays: The PDA and melanin polymerization within polymer-
somes at 37°C was monitored by UV-vis absorbance spectra (250 –
700 nm, measurement every 10 nm; SpectraMax ID3 microplate reader,
Molecular Devices, U.S.A.) up to 24 h. 200 μL of 1 mg mL−1 polymer-
somes (directly after their formation) were added to each well of a 96-
well microplate (UV-Transparent plates, Corning, USA) and triplicates
were measured for each condition. The kinetics of formation of free poly-

dopamine/melanin could not be followed with this method as it rapidly
led to the sedimentation of aggregates.

Cell Culture: HaCaT cells (immortalized human keratinocytes) were
routinely cultured in DMEM medium (Gibco Life Sciences) supplemented
with glucose (4.5 g L−1), L-glutamine (2 × 10−3 м) and 10% fetal
bovine serum (BioConcept), penicillin (100 units mL−1) and Streptomycin
(100 μg mL−1). Cells were maintained at 37°C in a humidified atmosphere
with 5% CO2.

Cell Viability Assay: PrestoBlue (Invitrogen) was used to determine cell
viability according to the supplier’s protocol. HaCaT cells were seeded at
a concentration of 7500 cells/well in a 96 well plate (200 μL final volume).
After 24 h, 100 μL of medium were removed and replaced by 75 μL of fresh
medium and 25 μL of different polymersomes (initial solutions of 2 mg
mL−1 of polymer for a final concentration of 0.25 mg mL−1 of polymer and
a final quantity of 0.05 mg of polymer, corresponding to 0.5 × 1012 vesicles
mL−1) or PBS in control wells. Each condition was tested in quadruplicate.
Subsequently cells were cultured at 37°C for 1 day in the presence of poly-
mersomes, free L-DOPA/Dopamine (0.13/0.11 × 10−3 м), or control PBS.
After 24 h, PrestoBlue reagent (20 μL) was added to each well and after 1
h at 37°C, the fluorescence at 615 nm was measured using a Spectramax
plate reader. The data was normalized to PBS treated control cells.

Cell Viability Assay upon UV-Irradiation: As described for the cell vi-
ability assay without UV-irradiation, cells were incubated in presence of
polymersomes for 1 day. After rinsing 3 times with PBS (200 μL) to re-
move non-uptaken polymersomes, 100 μL of PBS with Ca+2 /Mg2+ were
added for UV-irradiation in the cell culture hood. Unlidded plates were
placed at 80 cm distance from 2 × 2 UV-C 15 W lamps (Osram HNS 15 W
G13) with a main emission at 254 nm and irradiated for 40 min. Control
plates treated with corresponding polymersomes/PBS were incubated at
room temperature for 40 min. PBS was removed and fresh culture medium
(100 μL) was added. After overnight culture, cell viability was determined
using PrestoBlue reagent as described above. The data was normalized to
cells treated in parallel but without irradiation.

Cell Imaging: HaCaT cells were seeded and incubated under the same
conditions as described for cell viability assays expect that model polymer-
somes encapsulating Atto-488 dyes were used. After 24 h of incubation in
the presence of polymersomes, cells were rinsed 3 times with PBS to re-
move non-uptaken polymersomes prior to imaging with a Zeiss LSM 880
inverted microscope (Zeiss Axio Observer, Carl Zeiss, Germany) with a
water immersion objective C-Apochromate 40x/1.2 W korr FCS M27. The
beam from 488 nm argon laser was passed through a main beam splitter
MBS488 and the detection window was from 499–643 nm.
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