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Introduction

Multicompartment dendrimicelles with binary,
ternary and quaternary core compositionty

Rebecca Kaup,}? Jan Bart ten Hove,}*° Anton Bunschoten,?
Fijs W. B. van Leeuwen P and Aldrik H. Velders & *>P:<

Hierarchically built-up multicompartment nanoaggregate systems are of interest for, e.g., novel materials
and medicine. Here we present a versatile strategy to generate and unambiguously characterize complex
coacervate-core micelles by exploiting four different dendrimeric subcomponents as core-units. The
resulting mesoscale structures have a hydrodynamic diameter of 50 nm and a core size of 33 nm, and
host about thirty 6th generation polyamidoamine (PAMAM) dendrimers. We have used FRET (efficiency of
~0.2) between fluorescein and rhodamine moieties immobilized on separate PAMAM dendrimers (G6-F
and G6-R, respectively) to prove synchronous encapsulation in the micelle core. Tuning the proximity of
the FRET pair molecules either by varying the G6-F : G6-R ratio, or by co-assembling non-functionalized
dendrimer (G6-E) in the core, reveals the optimal FRET efficiency to occur at a minimum of 70% loading
with G6-F and G6-R. Additional co-encapsulation of 6th generation gold dendrimer-encapsulated nano-
particles (G6-Au) in the micelle core shows a dramatic reduction of the FRET efficiency, which can be
restored by chemical etching of the gold nanoparticles from within the micellar core with thiols, leaving
the micelle itself intact. This study reveals the controlled co-assembly of up to four different types of sub-
components in one single micellar core and concomitantly shows the wide variety of structures that can
be made with a well-defined basic set of subcomponents. It is straightforward to design related strategies,
to incorporate inside one micellar core, e.g., even more than 4 different dendrimers, or other classes of
(macro)molecules, with different functional groups, other FRET pairs or different encapsulated metal
nanoparticles.

sitely-charged subcomponents have been coined coacervate-
core micelles, C3Ms,”'® or poly-ion complex micelles, PICs.""

Block copolymer micelles find wide attention as versatile
materials, e.g., for use in medicinal diagnostics and thera-
peutics, as well as for biomimetic alternatives to compartmen-
talization and transport strategies found in nature.'™
Strategies for the formation of block copolymer micelles can
employ different self-assembly driving forces (e.g., hydro-
phobic, electrostatic, coordination, hydrogen bonding, etc.);
among these, the most applied are hydrophobic and electro-
static interactions.”*”® Micelles based on interaction of oppo-
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As core-units for the coacervation, linear polymers, branched
polymers, proteins, coordination polymers, highly charged
coordination complexes, and dendrimers can be efficiently
assembled into micelles.>***™"°

Dendrimers constitute a unique class of polymers that are
studied extensively, with poly(AMidoAMine) (PAMAM) dendri-
mers being among the most explored.*® Dendrimers are being
extensively investigated for drug delivery purposes, including
siRNA delivery.”"** In addition to their well-defined size and
3D-structure, PAMAM dendrimers have interior voids in which
small molecules and even metallic nanoparticles can be
encapsulated.>*>® Dendritic metal complexes are extensively
studied for bioimaging.>

Multicompartment micelles exhibit several subdomains
inside the micelle which can enable and facilitate the solubil-
ization, transport, and subsequent delivery of multiple —poten-
tially (bio)incompatible or toxic- payloads like therapeutic
drugs or catalytic payloads.® In theory, the composition of
such micelles can be regulated by the statistical mixing ratio of
the respective precursors and subcomponents. Different strat-
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egies are being developed to facilitate the design of hierarchi-
cal build-up of such structures,">>*%*"32 but at the same
time, the need for unambiguous characterization of these
complex systems becomes of paramount importance. In par-
ticular, the quantitative analysis of subcomponents in mesos-
cale structures is intrinsically challenging.

A few years ago, we developed a strategy to control the
number of dendrimers per micelle by combining different
generations of negatively-charged or positively-charged den-
drimers with oppositely-charged block copolymers under
charge-stoichiometric ~ conditions.*®  Furthermore, we
exploited gold nanoparticles embedded inside the dendri-
mers to investigate micelle characteristics at a single micelle
level.**3” This work allowed us to demonstrate that even
nanoparticle-containing dendrimers can be assembled into
~50 nm-sized well-defined and stable micelles.”” From
cryoTEM micrographs, micelle aggregation numbers can be
determined by simply counting the number of nanoparticles
per micelle, so revealing the by themselves invisible dendri-
By mixing empty dendrimers and gold-loaded
DENdrimers prior to block copolymer addition, the for-
mation of micelles with both types of dendrimers in the core
was proven, ie., binary core composition. As dendrimers are
in close proximity of each other inside the densely packed
dendrimicelle core,** we hypothesized that Férster Resonance
Energy Transfer (FRET) could be used to prove and investi-
gate synchronous co-assembly of different building
blocks.*®° In fact, we have exploited Forster Resonance
Energy Transfer (FRET), in addition to fluorescence spec-
troscopy, dynamic light scattering (DLS) and cryoTEM, to
unambiguously prove the (co)-assembly of up to four
different building blocks in a single micelle core.

As shown in Scheme 1 our approach is as follows: we
created a set of 6th generation PAMAM dendrimers: regular,
i.e., non-functionalized and empty dendrimers (G6-E), fluor-
escein- (G6-F) and rhodamine B-functionalized (G6-R) dendri-
mers, and gold-nanoparticle loaded dendrimers (G6-Au).
Charge-stoichiometric addition of a poly(methacrylic acid)-
block-poly(ethylene oxide) block copolymer, pMAAg,-b-
PEOgss, yields dendrimicelles. With the dendrimer building
blocks in hand, various mixing strategies allow us to obtain
micelles with different core compositions, containing only
one type of dendrimer, two different dendrimers, three
different dendrimers, or four different dendrimers, coined
regular, binary, ternary and quaternary-core dendrimicelles,
respectively.

The data obtained from systematic and rational mixing of
the various dendrimer building blocks as shown in Scheme 1,
unambiguously prove the synchronous co-assembly of, up to
four, different dendrimer types into one singular micellar
core. The results strongly support and justify the design of
complex hierarchically built-up nanoaggregates for, e.g., multi-
compartment materials and medicinal applications, for which
the incorporation of different subcomponents is of paramount
importance, e.g.,, in multimodal imaging, combined drug
delivery, or theragnostic applications.

mers.
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Scheme 1 Schematic overview showing the conversion of regular 6th
generation PAMAM (G6-E) into fluorescent fluorescein-functionalized
(G6-F), rhodamine B-functionalized dendrimers (G6-R), and dendrimers
with encapsulated gold nanoparticles (G6-Au). Charge-stoichiometric
addition of negatively-charged pMAAg4-b-PEOggs block copolymer to
the positively charged G6 dendrimers results in the formation of
complex coacervate core dendrimicelles. The dendrimicelle core com-
position can be stoichiometrically tuned by changing the mixing ratio of
the four different dendrimers prior to block copolymer addition, result-
ing in binary-core, ternary-core and quaternary-core micelles. The posi-
tive charges present on the dendrimer periphery at pH 7 and the
charges inside the micelle cores are omitted for clarity reasons. It is
important to note that the cartoon of the binary/ternary/quaternary-
core structures represents the respective dendrimicelle dimensions and
its subcomponents approximately on the same relative scale. The cross
section of the dendrimicelles shows 7 dendrimers in close proximity,
which in a spherical dendrimicelle core containing about 30 dendrimers
is in fact the expected ball-park number; also the overall sizes of the
dendrimicelle (50 nanometer diameter: 10 nanometer shell and 30
nanometer core) are on relative scale with the dendrimers; useful to
comment that the dendrimers perhaps are slightly more spaced and of
course in solution are dynamic.

Results and discussion

The dendrimicelle strategy described in Scheme 1 allows for a
detailed investigation of the formation and composition of
coacervate-core micelles, revealing proximity and stability of its
building blocks. The different micellar subcomponents were
synthesized and characterized following standard literature
procedures (see ESIT). The primary amines located at the per-
iphery of PAMAM dendrimers allow for straightforward conju-
gation which enables the introduction of functional groups
such as fluorophores.*'™*® Micelle formation is rather robust
once the charge
stoichiometries, in dendrimer’s
surface composition are not expected to affect micelle for-
mation. We chose to functionalize PAMAM generation six with
only 2-4 fluorophores per dendrimer which corresponds to a

polymer  ratios close to
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dendrimer functionalization degree of about 2% with respect
to the number of terminal amines on the dendrimers (ie.,
theoretically total of 256 -NH, for PAMAM generation 6). We
chose this low functionalization degree to affect the charge-
driven micelle formation the minimum possible, and to
prevent intra-dendrimer self-quenching of fluorophores.*”
Fluorophore-functionalized dendrimers were obtained by
reacting amine-terminated PAMAM dendrimers with fluor-
escein isothiocyanate (FITC) or rhodamine B-isothiocyanate
(RITC) (see Fig. S1t for molecular structures). After purifi-
cation by dialysis, the dendrimers were characterized with
absorbance and steady-state fluorescence spectroscopy and
"H-NMR (Fig. S2-S41). The fluorescence quantum yield of G6-F
dendrimers was about 0.2, while the quantum yield of G6-R
dendrimers was about 0.06. Table S1} shows an overview of
the quantum yield and number of fluorophores per dendri-
mer, which is 4 and 2 for FITC and RITC, respectively.
Dendrimer-encapsulated gold nanoparticles (AuDENs) were
synthesized by complexation and reduction of 128 molar
equivalents of Au®" per dendrimer, forming G6-Au (AuDENS of
1.7 + 0.4 nm, see Fig. $51).>***>7

With the four different building blocks (G6-F, G6-R, G6-E
and G6-Au), we systematically investigated the micelle core
composition. For all prepared micelles, we have proven the co-
assembly of the different dendrimers in a single dendrimicelle
core assessing core composition (e.g., different ratios of the
various types of dendrimers) by fluorescence spectroscopy and
FRET. Details about the FRET calculations and all corres-
ponding absorption, excitation and emission spectra and refer-
ence experiments are provided in the ESL.{ Below we discuss

0.5

1(AU.)

1 10 100 1000 10000
Diameter (nm)

m

Intensity (A.U.)

N I

|

500 550 600 650 700
Wavelength (nm)

View Article Online

Nanoscale

the data following four steps: (I) describing binary-core compo-
sitions with fluorophore-labelled dendrimers and non-functio-
nalized dendrimers, (II) discuss mixing of fluorophore-functio-
nalized and non-functionalized dendrimers in ternary-core
micelles, (III) tuning the FRET quenching by co-assembly of
AuDENS in quaternary-core systems, and (IV) illustrating the
controlled chemical responsive nature of complex multicom-
partment nanoaggregates.

Defining a binary FRET core micelle with fluorophore-
functionalized dendrimers

In order to exclude possible self-quenching phenomena
between fluorophores on neighboring dendrimers, we first
studied micelles with a binary core composition, in which
either fluorescein- or rhodamine-labelled dendrimers were co-
assembled with non-functionalized dendrimers (G6-F + G6-E
or G6-R + G6-E), and validated the effect of core composition
on the fluorescence. We consecutively studied the co-assembly
of both, G6-F and G6-R, at different ratios, demonstrating a
clear and tunable FRET efficiency.

Fluorescent dendrimicelles with a binary core composition
of G6-E and G6-F or G6-R. Micelles were prepared by charge-
stoichiometric addition of a poly(methacrylic acid)-block-poly
(ethylene oxide) block copolymer (pMAAg4-b-PEOggs) to a den-
drimer solution with G6-E and either G6-F or G6-R in various
ratios; see Scheme (1) and Fig. 1a. The positively-charged den-
drimers and negatively-charged poly(methacrylic acid) block
form the complex coacervate core of the dendrimicelle, while
the poly(ethylene oxide) blocks prevent macroscopic phase
separation.”"® Dynamic light scattering (DLS) confirmed the
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Fig. 1 Synthesis of fluorescent dendrimicelles from fluorophore-functionalized and non-functionalized dendrimers. (a) Schematic illustration
showing the formation of various dendrimicelles from G6-F, G6-R, and G6-E dendrimers, i.e. a 1:1 mix of G6-F:G6-E (sample 1), G6-F: G6-R
(sample Il), G6-R: G6-E (sample Ill) and G6-F + G6-R (sample V). (b) The number-averaged Dynamic Light Scattering size plot of dendrimicelle
sample Il indicates the hydrodynamic diameter of the dendrimicelles to be ~50 nm. (c) CryoTEM micrograph of dendrimicelle sample Il. Scale bar
represents 100 nm. (d) Size histogram showing the determined dendrimicelle core size distribution, as determined from the cryoTEM micrograph in
(c). The average dendrimicelle core size is 33 + 5 nm. (e) Fluorescence emission plot showing the emission of the dendrimicelle samples shown in
(@): I (green), Il (orange) and Il (red). The excitation wavelength was 480 nm. (f) Photo visualizing the tunable emission of the micelle samples |-V
shown in (a); excitation was done with a UV laser at 405 + 10 nm. (g) Excitation plot of the dendrimicelle samples shown in (a): | (green), 1l (orange),
Il (red) and IV (yellow); the emission wavelength was fixed at 580 nm.
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formation of ~50 nm-sized micelles containing G6-F and G6-R
in a 1:1 ratio (Fig. 1b and S6t). The critical micelle concen-
tration (CMC) of these micelles was ~1 mg L™' of total
polymer concentration, comparable to previously obtained
values for generation 6 based dendrimicelles**™” (Fig. S7t).
Micelle formation was further confirmed by cryoTEM (Fig. 1c
and d and enlarged in Fig. S8 and S97), revealing the dendri-
micelle core size to be 33 + 5 nm and presenting a spherical
shape. Both core size and the shape of these dendrimicelles
are similar to the dendrimicelles made from non-functiona-
lized or nanoparticle-containing sixth generation dendrimers
as reported before.*® These results underline that micelle for-
mation is not affected by the (low degree of) functionalization
of the dendrimers with the fluorophores. Next, we found that
the fluorescence emission of dendrimicelles, containing G6-E
and G6-F or G6-R, scales linearly with the functionalized den-
drimer fraction in the core (see Fig. S117), corroborating an
absence of inter-dendrimer fluorescence quenching after
micellization. This holds for both the fluorescein- and rhoda-
mine-functionalized dendrimers in dendrimicelles. Also,
micellization itself does negligibly affects the spectral pro-
perties of the fluorophore-functionalized dendrimers (Fig. S4
and S107).

FRET quantification in binary-core micelles composed of co-
assembled G6-F and G6-R. The fluorophore combination fluor-
escein/rhodamine-B is a well-known FRET pair, with a Forster-
radius of about 5.5 nm. As the dendrimers inside the complex
coacervate core of the dendrimicelles are densely packed,** co-
assembly of the fluorophore-functionalized dendrimers inside
a single micelle was hypothesized to bring both fluorophores
close enough to result in FRET. Fig. 1e shows the steady-state
fluorescence spectra of G6-FR micelles (1:1 G6-F:G6-R; II)
and the two control samples G6-FE (1:1 G6-F : G6-E; I) and Gé6-
RE (1:1 G6-R: G6-E; III). The spectra show characteristic emis-
sion bands around 520 and 580 nm for fluorescein and rhoda-
mine, respectively. When comparing the fluorescence intensi-
ties of the G6-FR sample with the controls, a decrease of the
donor signal and an increase of the acceptor signal is
observed, leading to an increase in the acceptor : donor signal
ratio, which is characteristic for FRET. Importantly, this
increase is not observed when G6-F and G6-R are present in
separate micelles, i.e. not combined in one micellar core
(Fig. S12+). Using formulas (1)-(4) (see Experimental section in
ESIt), we calculated the efficiency of FRET for the G6-FR
sample to be ~0.2. With a Forster radius of 5.5 nm (ref. 48)
this indicates an average donor-acceptor spacing of ~7 nm,
about the size of a single generation six dendrimer. The FRET
efficiency in the control sample with micelles containing pure
G6-F and G6-R cores, and for G6-F and G6-R dendrimers sus-
pended freely in solution (i.e., not embedded in dendrimi-
celles) was found to be <0.01 (see Fig. S137).

The FRET efficiency was additionally characterized analyz-
ing excitation spectra (Fig. 1g), with the emission wavelength
fixed on the acceptor molecule (viz., rhodamine, 580 nm). The
control sample IV, containing two different dendrimicelles,
one with G6-F in the core and one with G6-R, shows the

This journal is © The Royal Society of Chemistry 2021
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expected spectral sum of the reference dendrimicelles samples
I and III. The FRET sample II, on the other hand, with both
G6-F and G6-R in the core of a single dendrimicelle, shows the
excitation band at 490 nm much higher than in sample IV or
the sum of samples I and III. In other words, once the two
fluorophores find themselves in close proximity within the
same dendrimicelle core, part of the fluorescein excitation
ends up in rhodamine fluorescence. Based on the intensity
difference between the FRET sample II and the control sample
IV, a FRET efficiency of about 20% is determined.

For the micelles presented here, it is to note that the block
copolymer, the dendrimers,’®*° and the functionalization
degree of the dendrimers have a statistical (size) distribution.
Consequently, the formed dendrimicelles also have a statistical
distribution of subcomponents; we showed before that the
number of dendrimers per dendrimicelle has a standard devi-
ation of 10.>° Therefore, the FRET efficiency reflects the
average donor:acceptor distribution and spacing inside the
single micelle core, vide infra. Based on the dendrimicelle
aggregation numbers determined before,*® an average of 30
dendrimers are present in sixth-generation dendrimicelles. At
a G6-F fraction of 0.5, this corresponds to ~15 G6-F and ~15
G6-R dendrimers per micelle, corresponding to ~60 fluor-
escein- and ~30 rhodamine-fluorophores per micelle. As FRET
efficiency is inversely proportional with the sixth-power of
donor-acceptor spacing, this suggests that in practice FRET,
with an average spacing of 7 nm, will mainly occur between
fluorophores on directly-neighboring dendrimers. Importantly,
the presence of FRET in sample G6-FR (II) proves co-assembly
of G6-F and G6-R dendrimers inside the formed dendrimi-
celles. Equally important, the absence of FRET for at least
three days, in sample G6-F + G6-R (IV) shows that the core-
composition of these dendrimicelles is kinetically inert, ie.
there is no exchange of dendrimers from one micellar core to
another.

Fig. 1f shows a photograph of the four samples mentioned
above (I, II, IIT and IV) under blue laser light (4 = 405 nm) illu-
mination. The photo illustrates that the micelle emission color
can be roughly tuned between green (G6-FE; I), yellow (G6-FR;
II) and red (G6-RE; III) by altering the relative amounts of the
various fluorophore-labelled dendrimers prior to the addition
of the block copolymer and consecutive micelle formation. In
addition, there is a fine color difference between G6-FR (II)
and G6-F + G6-R (IV) because of the FRET effect between the
fluorescein and rhodamine when residing in the same micelle
core resulting in a yellowish green fluorescence (G6-FR; II), in
contrast to the non-FRET sample (G6-F + G6-R; IV) which has
the two fluorophore-labelled dendrimers residing in separate
micelles.

Quantitative analyses of FRET aspects in binary and ternary-
core dendrimicelles

Having defined above the FRET system and efficiency of co-
assembled fluorophore-labelled dendrimers in a micelle core,
we next determined the FRET efficiency at varying ratios of the
FRET pair subcomponents in binary-core systems.

Nanoscale, 2021,13,15422-15430 | 15425
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Consecutively, we quantified the effect of fluorophore-functio-
nalized dendrimer spacing exploiting ternary-core dendrimi-
celles that contain a fixed ratio of fluorophore-labelled dendri-
mers in the core, ‘diluted’ with additional non-functionalized
dendrimers, G6-E.

FRET quantification in binary-core micelles with varying
ratios of G6-F and G6-R. A series of dendrimicelles was pre-
pared by mixing G6-F and G6-R dendrimers in various ratios
in the core, fraction x, respectively 1 — x, while keeping the
total dendrimer amount constant (Fig. S14af). At low G6-F
fractions and up to a G6-F fraction (x) of about 0.5, the deter-
mined FRET efficiency inside the dendrimicelles is steady at
~0.2 (Fig. S14b,} indicated with a red circle). In this range, a
G6-F dendrimer inside the dendrimicelle core is surrounded
mainly by G6-R dendrimers, ensuring maximum-obtainable
FRET. The maximum FRET is about 20% and not 100% in this
system due to the spacing of dendrimers inside micelles, the
low functionalization degree and orientation of the fluoro-
phores. At G6-F fractions higher than 0.5, the FRET efficiency
decreases (see also Fig. S15-S18t), which is as expected
because of the—on average—diminished proximity of all fluor-
escein molecules to an acceptor molecule.

Ternary-core micelles composed of co-assembled G6-F, G6-R
and G6-E dendrimers. With the efficiency of FRET in binary-
core micelles composed of G6-F and G6-R to be constant up to
a G6-F fraction of ~0.5, vide supra, using a G6-F : G6-R ratio of
1 we studied the effect of co-assembly with non-functionalized
G6-E dendrimers inside the dendrimicelle core. As FRET is
strongly inversely dependent on distance, increasing the
average donor:acceptor spacing through co-assembly, ie.
‘diluting’, with G6-E was expected to have a FRET-attenuating
effect. We co-assembled G6-F, G6-R and G6-E, keeping the
ratio G6-F : G6-R constant, and varied the ratio between fluoro-
phore-functionalized (in total: 2x) and non-functionalized den-
drimers (1-2x) (Fig. 2a). Fig. 2b shows that up to a non-functio-

FRET Efficiency
o

@y .
@ (D Ct? 0.0 0.5 1.0
G6-E fraction (1-2X)

o
>

Fig. 2 Effect of the G6-E fraction on the FRET efficiency of the corres-
ponding ternary dendrimicelles. (a) Scheme illustrating the synthesis of
ternary-core dendrimicelles with a varying density of fluorophores
inside the dendrimicelle core. The fluorophore density in the micelle
core is tuned by mixing in non-functionalized dendrimers for the
micelle formation, while keeping the ratio of G6-F:G6-R at 1, and
keeping the total amount of dendrimers constant. (d) FRET efficiency
plot of dendrimicelles made with a varying fraction of non-functiona-
lyzed dendrimers. From this graph, it appears that at non-functionalized
dendrimer fraction above 0.3 (indicated with a red circle) the observed
FRET efficiency rapidly decreases.
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nalized dendrimer fraction of ~0.3 (indicated with a red circle),
the FRET efficiency remains constant at ~0.15, after which it
decreases (see also Fig. S19%). In other words, whilst keeping
the G6-F/G6-R ratio constant at 1, mixing in G6-E up to 30%
does not affect the FRET efficiency; above 30% of non-functio-
nalized dendrimer, the average distance between donor-accep-
tor molecules inside the micelle core increases such that FRET
characteristically decreases. Assuming the ~30 dendrimers in a
sixth generation dendrimicelle to be spherical and densely
packed, the number of neighboring dendrimers in proximity of
a single dendrimer can vary from 12 for a dendrimer in the
center of the core, to 2 or 3 for a dendrimer at the periphery of
the core. Clearly, at higher fractions of non-functionalized den-
drimers, the chance of finding a non-FRET partner as neighbor
increases. The attenuated FRET efficiency at G6-E fractions >0.3
are likely a result of both the nearest-neighbor composition
inside the dendrimicelle core and on the respective orientation
of the fluorophores that is of influence.”"

The results presented in this section show that the
efficiency of FRET can be tuned not only by the ratio of the
individual fluorophores (i.e., the composition of the neighbor-
ing dendrimers inside the micelle core), but also by tuning the
average fluorophore-labelled dendrimer spacing, ie. the
dilution with non-labeled dendrimers. Moreover, the non-
linear dependence of FRET on the fluorophore-functionalized
dendrimer fraction (Fig. 2) unambiguously proves the ternary
co-assembly of G6-F, G6-R, and G6-E dendrimers. The deter-
mined optimal FRET pair ratio of 1:1 and maximum percen-
tage of additional, i.e., non-functionalized, dendrimers of 30%
not affecting FRET were used as boundary conditions in the
consecutive studies with gold-nanoparticles-filled dendrimers.

Dendrimicelles with gold-nanoparticle-containing dendrimers,
from binary and ternary to quaternary-core compositions

Gold nanoparticles are known to be able to affect a fluoro-
phore’s brightness as result of plasmonic coupling.’>** We
therefore extended the hierarchical complexity of multicom-
partment micelles by incorporating dendrimer-encapsulated
gold nanoparticles, G6-Au, in the formation of dendrimicelles.
Indeed we were able to efficiently quench the FRET effects
using AuDENs and quantified and tuned the quenching
efficiency working with the optimized fluorophore-labeled den-
drimer ratio obtained in the previous section.

Co-assembly of Au-nanoparticle filled dendrimers with
fluorophore-labelled dendrimers inside micellar cores. To
verify the self-assembly behavior of fluorophore-functionalized
dendrimers and AuDENSs, we prepared a dendrimicelle sample
in which we first mixed G6-F and G6-Au dendrimers ina 1:1
ratio, followed by dendrimicelle formation. A representative
cryoTEM micrograph of these binary-core dendrimicelles,
shows that these micelles contain 15 + 5 nanoparticles per
micelle (Fig. S97). A number that represents 1:1 ratio in the
core.’® Plasmonic effects of nanoparticles on fluorophores
depend on size and shape of the nanoparticle, particle-fluoro-
phore spacing, and spectral overlap between the fluorophore
emission and the plasmon. With generation six dendrimers

This journal is © The Royal Society of Chemistry 2021
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being ~7 nm in diameter, and plasmonic effects proceeding
up to about five times the nanoparticle radius,”® the ~2 nm
sized dendrimer-encapsulated gold nanoparticles (one AuNP/
dendrimer)** are expected to selectively affect the fluorescence
of fluorophores in close proximity. The co-assembly of gold
nanoparticles can hence be used to prove the formation of
micelles with a quaternary core composition. Hereto, first the
plasmonic effect on luminosity and FRET efficiency in ternary
core micelles was studied; consecutively, quaternary-core den-
drimicelles were prepared containing G6-F, G6-R, G6-Au and
G6-E dendrimers inside a single micelle core.

Plasmonic effects of G6-Au in ternary-core (FRET-reduction)
co-assembled dendrimicelles. As upfront control experiments,
we first prepared dendrimicelles from G6-F and G6-Rata 1:1
ratio, co-assembled with either G6-E or G6-Au dendrimers in
the remaining fraction of 0.3 (see Fig. S20,t samples I & II).
Compared to the micelles made with G6-E dendrimers, those
with G6-Au show a decreased FRET effect. Additionally, we veri-
fied whether these interactions extent beyond the micelle core,
although based on the dimensions of the dendrimicelle shell
(~7 nm)** no significant plasmon effect is expected. Fig. S20b{
compares the emission of ternary-core micelles containing G6-
F, G6-R, and G6-Au in the same dendrimicelle core to that of
binary-core micelles (without gold), mixed with separate G6-Au
dendrimicelles. FRET was only seen in the binary-core micelle,
showing the effect of the gold nanoparticles on the fluoro-
phore emission not to extend beyond the micellar core, ie.
there is no inter-micellar effect (see also Fig. S20ct). In short,
co-assembly of G6-F and G6-R with G6-Au, rather than G6-E,
yields dendrimicelles with a diminished FRET efficiency, in
line with expectations.’*>?

Tuning of FRET in ternary and quaternary dendrimicelles
with varying ratio G6-E : G6-Au dendrimers. Above, we estab-
lished that in a G6-FR-filled micelle-core, co-assembly of G6-E

FRET Efficiency
°

View Article Online

Paper

dendrimers up to a fraction of 0.3 does not affect FRET
efficiency, whilst co-assembly of G6-Au does. Consequently,
the observed FRET efficiencies can be expected to quantitat-
ively reflect the nanoparticle-containing dendrimer fraction.
We thus prepared micelles that contain identical amounts of
G6-F and G6-R dendrimers (f= 0.35 each), and varied the ratio
of G6-E:G6-Au dendrimers in the remaining f = 0.3. Fig. 3a
schematically depicts the formed micelles, with Fig. 3b dis-
playing the observed FRET efficiencies for the dendrimicelles
(see also Fig. S21f). At a G6-Au fraction of 0, (i.e, corres-
ponding to a G6-E fraction of 0.3), the efficiency of FRET is
about 0.17, similar to what observed in Fig. 2b. When prepar-
ing samples in which G6-E is gradually replaced by G6-Au, the
FRET efficiency concomitantly decreases, confirming that all
four dendrimer types can co-assemble in a single dendrimi-
celle core. Fig. 3c shows a cryoTEM picture of quaternary-core
dendrimicelles containing a G6-Au fraction of 0.15. The
average number of AuNPs per micelle is 4 + 2 in perfect agree-
ment with the expected values for dendrimicelles made from a
mix of 70% fluorescent dendrimers, 15% empty dendrimers
and 15% nanoparticle-containing dendrimers.

The non-linear behavior of the observed decrease of FRET
upon increasing the G6-Au fraction in the dendrimicelles is
corroborating the fact that 4 different types of dendrimers are
encapsulated synchronously inside a single micelle core. If,
hypothetically, a mixing would occur with a preference for the
ternary-core micelles, i.e. G6-R/G6-F/G6-E and G6-R/G6-F/G6-
Au, a linear decrease would have been expected going from a
G6-Au fraction of 0 to 0.3.

Chemical responsiveness and tuning of the ternary-quaternary
core composition

The design of responsive micellar structures constitutes an
important area of research because of potential applications

D9 9 W 0.0+
(0 T o9 () 0.0 0.1
@0 (8] o;.\o

G6-Au fraction (0.3-X)

0.2 03

Fig. 3 Co-assembly of three (G6-Au fraction being 0 or 0.3) or four (the intermediate fractions) types of dendrimers inside a single dendrimicelle,
forming micelles with ternary, respectively, quaternary dendrimer core composition. (a) Scheme showing the synthesis of dendrimicelles containing
up to four different dendrimers. The fraction of G6-F and G6-R dendrimers was kept constant at 0.35 each, while the remaining fraction dendrimers
(f = 0.3) was composed of a varying amount of G6-E : G6-Au dendrimers. Note, out of the three dendrimicelle cartoons, the outer ones concern
ternary-core compositions with, respectively, only additional empty (left) or Au-NP-filled (right) dendrimers. (b) FRET efficiency graph showing the
determined FRET efficiency versus the fraction G6-Au inside a dendrimicelle core (black squares). To aid the eye, the horizontal red dashed line indi-
cates the constant FRET efficiency in case only G6-E would be present rather than G6-Au fractions (i.e. a repetition of the first data point (G6-Au
fraction 0)). This graph shows that with increasing amount of nanoparticle-containing dendrimers in the dendrimicelle core, the observed FRET
efficiency decreases, corroborating the co-assembly of all four dendrimers inside a single micelle. (c) Representative cryoTEM micrograph of a den-
drimicelle sample made from a G6-Au fraction of 0.15 showing that the DENs are evenly divided between the micelles. The average number of
AuNPs per micelle is 4 + 2 in perfect agreement with the expected values for dendrimicelles made with 15% nanoparticle-containing dendrimers.
The scale bar represents 100 nm.
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such as catalysis or small-molecule/drug delivery."®** The PEG
shell of the block copolymer provides a relatively flexible
barrier that allows the transport in-and-out of the core of small
molecules. As there are several chemical ways to decompose
gold nanoparticles, this allows the design of responsive multi-
compartment nanoaggregate systems. Here we investigated the
possibility to exploit the quenching effect of the gold nano-
particles on the luminescence of the dendrimicelles. So the
micelles themselves remain intact, but the content of the core
is altered.

Thiol-etching of G6-Au corroborates quaternary core composition

Above we showed that the attenuation of the FRET efficiency in
quaternary core dendrimicelles scales with the fraction of
micelle-embedded G6-Au. Using thiol-mediated etching we
intended to degrade the micelle-embedded gold nanoparticles
(Fig. 4a) and monitor the impact of etching on FRET
efficiency, proving the multicompartment concept of the den-
drimicellar core.*””° For this, we prepared dendrimicelle
samples containing a total fraction of fluorophore-functiona-
lized dendrimers of 0.7 (i.e., containing 0.35 G6-F and 0.35 G6-
R), with the remaining dendrimer fraction consisting of a mix
of G6-E (respectively, 0.3, 0.15, and 0) and G6-Au (respectively,

View Article Online
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0, 0.15, 0.3). DLS measurements and CryoTEM on a thiol-
etched sample confirm that ~50 nm-sized dendrimicelles are
still present in solution after etching (Fig. 4b and c and S227).
We determined the FRET efficiency in the respective micelles,
before and after incubation with excess of mercaptoethanol to
gold. Fig. 4d shows (in black) the FRET efficiency before thiol-
etching of G6-Au. After thiol-etching the FRET efficiency (in
orange), in the samples that contained G6-Au, increased from
<0.05 to ~0.12. Fig. 4e shows an increase in fluorescence emis-
sion around 580 nm for the sample made with a G6-Au frac-
tion of 0.3 after thiol etching (in orange) compared to before
(in black) (see also S23t). This emission recovery corresponds
to degradation of the micelle-embedded gold nanoparticles,
with concomitant loss of the plasmonic attenuation of the
FRET efficiency. The observed FRET efficiency of the control
sample made with a G6-E fraction of 0.3 (i.e.,, no G6-Au
present) decreased slightly, from 0.17 to 0.14, implying that
mercaptoethanol has a moderately deteriorating effect on G6-F
and/or G6-R luminosity, explaining why the FRET efficiency is
not fully recovered in the sample with G6-Au fractions of 0.15
and 0.3. Fig. 4f displays a photograph of dendrimicelle
samples under UV-illumination (4 = 365 nm). The cuvettes
contain dendrimicelles made with a G6-Au fraction of 0.3
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Fig. 4 FRET recovery upon thiol-induced etching of micelle-embedded gold nanoparticles. (a) Schematic illustration showing the etching of gold
nanoparticles by small molecule thiols such as mercaptoethanol. (b) Representative cryoTEM micrograph of a dendrimicelle sample made from a
G6-Au fraction of 0.3 after the addition of thiol. The micrograph shows that the dendrimicelles are still intact after thiol-induced etching of the
micelle-embedded gold nanoparticles. (c) The number-averaged DLS size plot of dendrimicelles made from a fraction G6-Au of 0.3 after addition of
thiol, indicates the micelle hydrodynamic diameter to be ~50 nm. This size plot suggests that the micelle diameter is not influenced by the addition
of mercaptoethanol. (d) FRET efficiency plot showing the determined FRET efficiency of micelles made using a fluorophore-functionalized dendri-
mer fraction of 0.7 (i.e., 0.35 G6-F and 0.35 G6-R) with the remaining fraction (f = 0.3) composed of various ratios of G6-E : G6-Au. The determined
FRET efficiencies of dendrimicelles before mercaptoethanol addition are shown in black, while those of the same sample after incubation with mer-
captoethanol are shown in orange. Clearly, the FRET efficiency of dendrimicelles containing gold nanoparticles recovers after the addition of thiol,
indicating that the gold particles are destroyed by the action of mercaptoethanol. Consequently, the luminescence of the fluorophore-functiona-
lized dendrimers is affected less, yielding an increase in FRET efficiency. Note: all samples were incubated with the same relative amount of mercap-
toethanol (at least 6 molar equivalents to Au present). (e) Normalized emission spectra of the dendrimicelle sample made with a fraction G6-Au of
0.3, before (black) and after (orange) the addition of mercaptoethanol. The increase in FRET-acceptor (G6-R) signal at ~580 nm suggests an increase
in FRET efficiency. (f) Photograph of the dendrimicelle sample made with a G6-Au fraction of 0.3, before (left), and after (right) incubation with mer-
captoethanol. This photo shows that the perceived color of the micelles changes from green to yellow, and visualizes the FRET recovery from less
FRET (left, with AuNPs present) to more FRET (right, AUNPs are (partially) destroyed).
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before (left) and after (right) thiol-mediated etching. By eye,
the expected color difference is already visible, further corro-
borating spectral differences also observed in Fig. 4e.

Conclusions

Coacervate-core micelles constitute a class of relatively well-
defined superstructures, and in particular dendrimeric sub-
components have great potential for final applications as well
as systematic investigation of the nanoaggregates. In fact, in
this work we have exploited the fluorescence properties and
energy transfer between fluorescent molecules immobilized on
different dendrimers, and their interaction with gold nano-
particles embedded in other dendrimers, revealing unambigu-
ously and quantitatively the co-assembly of different types of
subcomponents in one singular micellar core. More specifi-
cally, we developed four building blocks: non-functionalized,
fluorescein-, and rhodamine-functionalized dendrimers, as
well as dendrimer-encapsulated nanoparticles. With these
building blocks we proved the formation of complex coacervate
core micelles with a binary, ternary, and quaternary dendrimer
core composition.

Co-assembly of both fluorophore-functionalized dendri-
mers results in FRET, the efficiency of which can be tuned not
only by the ratio of the number of matching fluorescent den-
drimers (i.e., the composition of the neighboring dendrimers)
inside the micelle core, but also by increasing their spacing
through co-assembly with non-fluorescent dendrimers
forming micelles with a ternary core composition. Plasmonic
coupling by gold nanopartcles decreased the FRET efficiencies,
while thiol-induced etching of the gold nanoparticles yielded a
recovery of the FRET efficiency, proving the quaternary core
composition of the micelles. The micelle emission color and/
or FRET efficiency can potentially be used as sensor to identify
the presence of, e.g., thiols or cyanide in solution. Considering
this study used only 4 different G6 dendrimers, multiple
follow-up studies can be envisioned. It is straightforward to
design strategies to incorporate even more dendrimers vari-
ations (generations, types, functional groups) inside one micel-
lar core. The concept could also be used in combination with
complementary FRET pairs, different metal nanoparticles, and
so forth. Well-defined systems are key to developing novel
nanoscopic materials with emerging properties and the work
presented here opens up a range of applications of these den-
drimicelles in materials or medicinal areas. Controlling the
micelle core composition also allows for the design of
new supermolecule structures in which the micelles act as
templates to allow chemical cross-linking of the core com-
ponents, resulting in new classes of materials, such as
tectodendrimers,’®>” or dendroids.”® For example, as well-
defined multicompartment nanoreactors, towards encapsula-
tion of drugs, for synthesizing stable nanocarriers, and as
fluorescent tracer applications in biomedical applications,
in multimodal diagnostic, therapeutic or theragnostic
applications.'®>%>°

This journal is © The Royal Society of Chemistry 2021
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