End group dye-labeled polycarbonate block copolymers for micellar (immuno-)drug delivery
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The controlled synthesis of polycarbonate block copolymers is leveraged to generate active
ester carbonate end groups that allow defined attachment of fluorescent dyes. Applications
as

micellar

delivery

systems

for

hydrophobic

(immuno)-drugs

demonstrate

their

advantageous properties as long circulating particles in the blood stream and for maturating
antigen presenting immune cells.
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Abstract:
Defined conjugation of functional molecules to block copolymer end groups is a powerful
strategy to enhance the scope of micellar carriers for drug delivery. In this study, we have
established an approach to access well-defined polycarbonate-based block copolymers by
labeling their end groups with single fluorescent dye molecules. Following controlled
polymerization conditions, the block copolymers’ primary hydroxy end group can be
converted into activated pentafluorophenyl ester carbonates and subsequently aminolyzed
with fluorescent dyes that are equipped with primary amines. During a solvent evaporation
process, the resulting end group dye-labeled block copolymers self-assemble into narrowly
dispersed 26 nm sized micelles and simultaneously encapsulate hydrophobic (immuno)drugs. The covalently attached fluorescent tracer can be used to monitor both uptake into
cells and stability under biologically relevant conditions, including incubation with blood
plasma or during blood circulation in zebrafish embryos. By encapsulation of the TLR7/8
agonist CL075, immune stimulatory polymeric micelles are generated that get internalized by
various antigen presenting dendritic cells and promote their maturation. Generally, such end
group dye-labeled polycarbonate block copolymers display ideal features to permit targeted
delivery of hydrophobic drugs to key immune cells for vaccination and cancer
immunotherapy.
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Several recently discovered pharmaceutically active compounds target highly promising
cellular receptors or pathways, but have poor aqueous solubility for efficient in vivo
application. To increase those drugs' bioavailability, nanometer-sized polymer particles can
assist as carriers which both solubilize the compounds in water and enhance their delivery to
desired site-of-actions while avoiding off-target effects.[1–5]
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Especially in immunotherapy, such nanocarriers are crucial to focus the delivery of
immunomodulatory drugs to restricted sites and thereby avoid unwanted toxicities through
systemic immunostimulation.[6,7] Most notably, the body’s immune response can be activated
by addressing the innate immune system through pattern recognition receptors (PRRs).
Among them, the toll-like receptors (TLRs) can effectively be stimulated by poly(I:C) (TLR3),
lipopolysaccharide, (LPS;TLR4), imidazoquinolines (TLR7/8) or CpG-oligonucleotides
(TLR9).[8,9] These receptors are residing, for instance, on dendritic cells that orchestrate
efficient immune responses through antigen presentation.[10,11] TLR agonists are therefore
suitable adjuvants for vaccination purposes (e.g. the TLR7/8 imidazoquinoline agonist IMDG
is currently successfully applied by Bharat Biotech in their Covid-19 vaccine Covaxin
(BBV152)).[12–14] Additionally, academia driven research has confirmed the applicability of
TLR stimulation for the treatment of cancer.[15,16] By administering TLR agonists via nanosized drug carriers they can more precisely be maneuvered to lymph nodes, the tumor
microenvironment or other sites of the immune system and thereby dampen undesired offtarget effects.[17,18] The hydrophobic TLR7/8 agonist 2-propylthiazolo[4,5-c]quinolin-4-amine
(CL075)[19,20] is highly attractive for such purposes. It provides only low aqueous solubility,
but nano-sized micellar carriers have been demonstrated to encapsulate CL075 or similar
TLR7/8 agonists into their hydrophobic cores.[21–23]
Among different types of polymeric materials for micellar drug delivery, aliphatic carbonates
have lately been discussed as attractive alternatives.[24] Due to their hydrolytic
biodegradability and biocompatibility, these features strongly suggest their translatability into
clinical applications.[25–27] The carbonate motif has already been employed for degradable
systems carrying carbonate moieties in the side-chain[28,29] and, more significantly, as
backbone in aliphatic polycarbonates.[30–32] Using amphiphilic polycarbonate block
copolymers, nanoparticular systems can be self-assembled and applied for various
therapeutic applications.[33–35] However, these materials often lack the possibility to
covalently introduce additional functionalities, such as dyes for precise carrier monitoring
during delivery.
We herein present an elegant way to design such materials by employing the active ester
chemistry for controlled polymer end group functionalization.[36] This approach requires the
synthesis of polymers with highly defined end groups followed by a quantitative activation
and conjugation of the cargo, as lately demonstrated by us for RAFT polymerization derived
end groups.[37] In the current study, we apply this approach for the first time to
polycarbonate-based

block

copolymers

obtained

by

organocatalytic

ring-opening

polymerization. The primary hydroxy end group could be converted into a pentafluorophenyl
3
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carbonate and subsequently derivatized with primary amine bearing fluorescent dyes. This
enabled us to efficiently track micelles derived from these block copolymers in the blood
stream and during cell uptake. We additionally quantified efficient drug encapsulation,
including the TLR7/8 thiazoloquinoline agonist CL075, which confirmed its immune
stimulatory potential on various types of primary dendritic cells. Altogether, these features
promote the applicability of end group dye-labeled polycarbonate block copolymers for
micellar (immuno-)drug delivery.

To provide access to such highly defined polymeric carrier systems, it is crucial to control
block copolymer length and assure desired end-groups. Especially for ring-opening
polymerization reactions, it is necessary to use highly pure starting materials. The herein
presented polycarbonate-based micelles were self-assembled from end group-functionalized
mPEG113-b-poly(MTC-OBn)15

block copolymers. For a well-defined synthesis of these

polymers, the highly pure 5-methyl-5-benzyloxycarbonyl-1,3-dioxan-2-one (MTC-OBn)
monomer[38] was used (as shown by X-ray-diffraction of the recrystallized monomers, Figure
1A and characterization data in Figure S1-3). All starting materials had to be dried by
azeotropic distillation with benzene prior to polymerization under inert atmosphere. During
polymerization side reactions such as backbiting and homopolymerization had to be avoided
to yield end group defined polymers. Therefore, ring-opening polymerizations were
conducted at decreased temperatures of -20 °C using the organocatalyst 1,8diazabicyclo[5.4.0]undec-7-ene (DBU). Polymerization conditions were first tested by
homopolymerization of MTC-OBn, and detailed product analyses including MALDI-ToF mass
spectrometry confirmed the integrity of end group defined homopolymers (compare Figure
S4).
The optimized reaction conditions were then successfully applied for block copolymerization,
initiated from a mPEG113-OH macro-initiator. After precipitation in diethyl ether, block
copolymers with an increase of molecular weight comparted to mPEG113 and narrow
dispersities of 1.05 were yielded (Figure 1B). Further analyses such as DOSY-NMR (Figure
1C) and MALDI-ToF mass spectrometry demonstrated again the high definition of the
mPEG113-b-poly(MTC-OBn)15 block copolymer product (Figure S9+S5).
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Figure 1: Synthesis and characterization of polycarbonate block copolymer functionalized mPEG113-bpoly(MTC-OBn)15. A: Crystal structure of 6-ring carbonate monomer 5-methyl-5-benzyloxycarbonyl-1,3dioxan-2-one (MTC-OBn) and ring-opening polymerization of MTC-OBn initiated from mPEG113 using the
b
organocatalyst 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU). B: Size exclusion chromatogram (SEC,
refractive index, RI) of mPEG113-b-poly(MTC-OBn)15 block copolymer compared to the mPEG113 macroinitiator. Block copolymers show a shift towards higher molecular weight (lower elution volume) but a
1
similar narrow distribution (Ð = 1.05). C: H DOSY-NMR of block copolymers (red) provide a higher
diffusion coefficient and additional signals for the polycarbonate block compared to mPEG113 (blue). D:
a
1
b
Characterization summary of mPEG113-b-poly(MTC-OBn)15. [ : Determined by H NMR analysis. :
Determined by HFIP (hexafluoroisopropanol) size exclusion chromatography, calibrated with PMMA
standards.]

Prior to block copolymer self-assembly into micelles, we aimed to label the carrier material
with a fluorescent dye to track the material in a biological system. For circulation in the blood
stream we selected the fluorescent dye Alexa Fluor 647 (AF647), while for cellular uptake
experiments we chose tetramethyl rhodamine (TMR). For covalent conjugation to the
mPEG113-b-poly(MTC-OBn)15 block copolymers, the primary hydroxy end groups were
activated by reaction with bis(pentafluorophenyl)carbonate to form a highly reactive
pentafluorophenyl carbonate (2) (Figure 2A). This reaction sequence allows the defined
synthesis of single labeled polymers with almost unaltered molecular integrity, as verified by
size exclusion chromatography (SEC, Figure 2B, full spectra Figure S8). Successful
labeling was further demonstrated by SEC using UV-vis detection at dye specific
5
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wavelengths. Compared to the non-labeled starting material both AF647 and TMR labeled
block polymers provided absorptions at the respective wavelengths 647 (for AF647) and 549
nm (for TMR) (Figure 2B), which was also proven by recording the whole UV-vis spectra of
the purified polymers (Figure 2C). Moreover, MALDI-ToF mass spectrometry and NMR
spectroscopy further confirmed the high specificity of the active ester approach and the
covalent conjugation of one single dye molecule to the block copolymer (compare Figure
S6-9).

Figure 2: Synthesis of end group-functionalized polycarbonate block copolymers. A: Through reactive
ester carbonate activation the block copolymer 2 is subsequently aminolyzed with primary amine
functionalized dye molecules yielding block copolymer 3a (with tetramethyl rhodamine (TMR)) and 3b
(with Alexa Fluor 647 (AF647)). B: HFIP SEC elugram of the respective block copolymers showing highly
defined end group functionalized block copolymers, both by normalized (norm.) RI traces (top) and
additional absorption traces at dye specific wavelengths (bottom, UV-traces at 549 nm for TMR detection
and 600 nm for AF647). C: Corresponding UV-vis absorbance spectra of the block copolymers 3a and 3b.

For the preparation of drug-loaded polymeric micelles, we next opted for the solvent
evaporation method due to its high encapsulation efficiency and high reproducibility.[39] Nonencapsulated drug outside of the micellar core usually precipitates during this process and
can easily be filtered off by standard sterile filtration processes. The feasibility of this
approach was first demonstrated by encapsulating the hydrophobic compound 3,3'-((3,4difluorophenyl)methylene)bis(1H-indole) (DIM-DF, Figure 3A). The anticancer drug DIM-DF
was chosen as a model drug[40] due to its high log(P) value of 4.5 and its straightforward
6
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quantification by

19

F NMR. Formulations of DIM-DF were prepared by dropping a polymer-

drug mixture in acetone of 10:1 polymer to drug (weight-to-weight ratio, 9.09 wt% drug) into
water. During the evaporation of the volatile acetone, micelles were formed by spontaneous
self-assembly. Simultaneously the hydrophobic drug molecule is encapsulated inside the
core. Polymeric micelles with uniform monomodal sizes were yielded and characterized by
dynamic light scattering (DLS, Figure 3D, z-average hydrodynamic diameter of 26.0 nm,
PDI = 0.09). We assume that the strong π-π interaction of the benzyl ester side chains
inside the micelle favor the encapsulation of hydrophobic compounds that are rich in
aromatic groups, too.[41,42] This feature might also stabilize the block copolymer micelles
when adsorbed and dried on flat surfaces, as atomic force microscopy (AFM) images still
confirmed the presence of spherical shaped nanoparticles (compare Figure S10).
Interestingly, precise quantification of the drug-load was achieved by analyzing freeze-dried
material by

19

F NMR spectroscopy and comparing the value to a DIM-DF standard

calibration (Figure 3B). Via this method a drug-load of 8.97 wt% was determined. Compared
to the targeted drug-load of 9.09 wt%, this solvent evaporation process yielded a high
encapsulation efficiency of 98.6% (Figure 3E, Figure S12 for calculations as well as
additional UV-vis spectra in Figure S11).
While for biological testing of DIM-DF loaded micelles the AF647-labeled block copolymers
were used, the encapsulation of the hydrophobic immunodrug CL075 could in analogy be
performed using the TMR-labeled block copolymers. Due to the partial solubility of CL075 at
the slightly acidic pH, which occurs in millipore-water, the CL075-loaded micelles were
prepared in PBS at pH 7.4. Similar to the preparation of DIM-DF-loaded micelles, we
checked for a precise quantification method for CL075 encapsulation after micelle
formulation. Interestingly, CL075 provides a typical absorbance at 350 nm, which could be
compared to a calibration of the drug itself (Figure 3C). This afforded a drug load of 1.78
wt% (at an aimed drug load 1.96 wt%) and confirmed again the high encapsulation efficiency
of 90.6% for this formulation method (Figure 3E and Figure S13 for calculations).

7
This article is protected by copyright. All rights reserved.

Figure 3: Fabrication and characterization of drug-loaded polymeric micelles prepared by solvent-evaporation of
end group functionalized polycarbonate block copolymers. A: Self-assembly process of micelles by solvent
evaporation. The polymer/drug solution is dropped into aqueous media at a volumetric 1:1 ratio of acetone and
water. During evaporation of the volatile acetone, the drug-loaded micelles are formed. Micelles were either
loaded with DIM-DF, a hydrophobic anticancer drug, or the immunostimulatory TLR7/8 agonist CL075. B:
19
-1
Determination of DIM-DF drug load by F-NMR using a DIM-DF calibration curve (y = 0.9108 mg x-0.0027).
Solvent was spiked with 4-fluorotoluene as reference compound for spectrum intensity normalization. Freezedried DIM-DF-loaded micelles (dissolved in DMSO-d6) were measured to calculate the drug-load. C:
Determination of CL075 drug-load by a UV-vis calibration curve (y = 22.445 mL/mg x-0.0276). All measurements
were recorded in a volumetric 1:1:2 mixture of water:PBS:THF. Drug-loaded micelles were diluted similarly using
a water/THF mixture and measured. D: Particle sizes recorded by DLS showing narrow monomodal distributions
of both DIM-DF-loaded micelles (top) and CL075-loaded micelles (bottom). E: Characterization summary of DIMa
19
DF and CL075 loaded end group functionalized polycarbonate block copolymer micelles. [ : Determined by F
b
NMR (DIM-DF)/UV-Vis (CL075). : Determined by DLS]

With these drug-loaded micelles, formulated from well-defined dye-labeled block
copolymers, their performance was tested in a biological context. Aiming for the application
as an anticancer drug carrier with prolonged blood circulation to accumulate in tumorous
tissue (e.g. via the enhanced permeability and retention (EPR) effect[43]), it was initially
investigated if the particles remain stable under physiologically relevant protein rich
conditions. Therefore, particles were incubated with human blood serum for 1 h at 37 °C
followed by a multi-angle dynamic light scattering analysis established by Rausch et al.
(Figure 4A).[44] For mPEG113-b-poly(MTC-OBn)15 micelles no significant differences were
8
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found between recorded and predicted autocorrelation curves at multiple angles indicating
that the micelles do not aggregate upon protein incubation but remain stable. Identical
results were obtained for the DIM-DF drug loaded micelles, too (see Figure S14).
Encouraged by these promising results, the circulation of the micelles in the blood stream of
zebrafish embryos was recorded. The AF647-labeled polymeric micelles provide ideal
fluorescent properties to track them within the blood vessels of the transparent zebrafish
embryos (Figure 4B1). Fortunately, polymeric micelles were found circulating in the
zebrafish embryos over 72 h after injection in the posterior cardinal vein (Figure 4B2). After
an initial drop, about 50 % of the injected particles were found in the blood stream after 4 h
and around 30 % after 24 h. Interestingly, this amount remained stable for the following two
days. After 72 h, still ~30% of both DIM-DF loaded and empty micelles were found
circulating in the blood stream and, thus, provide similar circulation properties as reported for
other effective long-circulating particles.[45–48]
Beyond micelles’ stability, we were also interested in their potential hydrolytic degradability
rendered by the polycarbonate backbone. For that purpose, particle samples were measured
by DLS at different time points. In PBS, the micelles remained stable even after several
months (Figure S15) supporting their favorable long shelf life. Alkaline conditions, however,
immediately triggered their gradual disintegration (Figure 4C1). Upon addition of 10 vol%
1M NaOH (pH 13), particles rearranged and immediately formed large aggregates with sizes
larger than 100 nm. We followed this aggregation process and observed a slow
disintegration over a time span of ~2 days with decreasing particle sizes and drastically
declining particle count rates (Figure 4C1). Finally, complete degradation occurred with
sizes below 5 nm. At lower pH conditions (pH 9.2) a slower degradation was observed
(Figure S15+16 – degradation half-life t1/2 = 17.8 h at pH 9.2 compared to t1/2 = 9.3 h at pH
13).
Mass spectrometric analysis (Figure 4C2) of the degradation products could be performed
with the TMR-labeled block copolymers after incubation in ammonium bicarbonate buffer
(10 µM, pH 8, see Figure S17 for full ESI-MS spectrum). Interestingly, besides multiple
charged species of the remaining mPEG113-OH macroinitiator, the expected degradation
product of the TMR end group could be found as carbamate motif attached to one single
repeating unit of decarboxylated monomer MTC-OBn (M = 764.34 g/mol, recorded as m/z =
765.34 [M+H]+). The appearance of this degradation product once again proves the
successful attachment of the dye and, most notably, the degradability of poly(MTC-OBn)
through the polycarbonate motif. Interestingly, under the applied conditions hydrolysis did
not occur at the benzyl ester side chain, but at the more labile carbonate groups.[49] These
9
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degradation experiments exemplify the general hydrolytic degradation potential of
polycarbonates (under base catalyzed conditions, potentially also mediated by degrading
enzymes, as reported earlier for polycarbonate bulk materials).[24,50] However, they also
disclose their limited relevance at physiological pH values at which mPEG113-b-poly(MTCOBn)15 so far did not hydrolyze. Possibly, water exclusion within the hydrophobic
polycarbonate core enhances hydrolytic stability, thereby requiring increased pH values (or
degrading enzymes) for facilitating biodegradation.

Figure 4: Evaluation of dye end group functionalized polycarbonate block copolymer micelles in
biological media and their hydrolytic degradation potential. A: Blood plasma incubation studies by multiangle DLS of mPEG113-b-poly(MTC-OBn)15 micelles. After incubation for 1 h in human blood plasma, their
autocorrelation curves were recorded at different angles (30°, 60° and 90°, from top to bottom – black
dots) and compared to the sum of autocorrelation curves obtained from individual measurements of
[44]
plasma and micelles (red curve).
B: Blood circulation of AF647-labeled micelles in zebrafish embryos
investigated by fluorescence intensity at multiple time points over 72 h (B1). Even after 72 h, ~30 % of the
micelles could still be found circulating in the blood stream (B2). C: Hydrolytic degradation behavior of
polycarbonate micelles. C1: Micelles fully disintegrated after addition of 10 vol% 1M NaOH, as indicated
by DLS analysis of size changes (first aggregation to larger particles, followed by total disintegration –
left) and declining particle count rates within the first 48 h (right, blue curve). Incubation at pH 9.2 (green
curve) triggers analogous degradation within ~4 d. At pH 7.4 in PBS (red line) particles count rates as
well as sizes remain stable (compare also Supporting Information Figure S15+16). C2: Mass
spectrometric analysis of the degradation products from hydrolyzed TMR-labeled polymeric micelles
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(note that an incubation with ammonium bicarbonate buffer (10 µM, pH 8) was necessary for ESI-MS in
the presence of volatile salts). Interestingly, besides multiple charged species of the remaining mPEGOH macroinitiator (z = 5, 6, 7 and 8), also the TMR-labeled end group was found as carbamate attached to
the decarboxylated MTC-OBn monomer.

The CL075 immunodrug loaded block copolymer micelles were finally checked for their
pharmacologic activity. TMR-labeled micelles were used and first checked in vitro for their
cellular uptake behavior on RAW macrophages. For that purpose, cells were incubated
overnight with and without CL075-loaded micelles and then analyzed by confocal
microscopy (Figure 5A and Figure S20-22). Compared to empty micelles (NP), the drugloaded micelles (NP(CL075)) revealed a much stronger internalization and accumulation in
intracellular vesicular compartments. They also affected cell morphology (Figure 5A) which
correlated with the TLR7/8 receptor stimulation of the CL075 payload (compare Figure S2022).
This cell uptake was further quantified by flow cytometry (Figure 5B and Figure S19). A
linear dose dependency of particle internalization was found, and the significantly enhanced
uptake of NP(CL075) was confirmed (Figure 5B). Interestingly, no influence on cell viability
was observed over a broad range of polymer concentrations up to 300 µg/mL (Figure 5C note that also CL075 drug-loading or the free drug itself did not affect the cell viability at the
applied dose regime).
The Raw macrophages used for these experiments are genetically modified to provide a
reporter function upon TLR7/8 receptor stimulation (RAW Blue macrophages). Upon
subsequent activation of their NF-κB pathway, these cells secrete alkaline phosphatase,
which can easily be quantified spectrophotometrically from the cell culture supernatant by a
Quant Blue assay. A broad range of TLR7/8 agonist CL075 concentrations formulated in the
block copolymer micelles was screened and compared to empty micelles (Figure 5D). While
the empty micelles NP did not affect the TLR stimulation, a sub-µM activation was found for
drug loaded micelles NP(CL075), which was identical to the drug alone applied from a
DMSO stock solution. Note that if the drug was diluted in PBS from an aqueous stock
solution (prepared by the solvent evaporation process without block copolymers), its activity
was 10-fold lower (Figure S18). Considering the limited applicability of DMSO formulation
for in vivo purposes (according to the toxicity of DMSO demonstrated in Figure 5C), the end
group functionalized polycarbonate block copolymer micelles provide ideal features for
encapsulation and release of CL075. Micellar delivery may further improve the biodistribution
during in vivo applications and focus its delivery ideally to draining lymph nodes or other
lymphoid organs, as demonstrated for other TLR7/8 agonist nanoparticle formulations by us
and others before.[6,18,51–54]
11
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Finally, to evaluate the immune stimulation potency of the CL075 loaded micelles, we
investigated their effect on dendritic cells (DC) derived from murine bone marrow (BMDC).
Generally, DC are considered as the most effective antigen presenting cells and therefore
are of major importance to get stimulated for vaccination or cancer immunotherapy
purposes. Upon cultivation for one week in Fms-related tyrosin kinase 3 receptor (FLT3)
ligand supplemented media, bone marrow cells differentiate into different subtypes of DC
characterized by their specific surface markers (compare Figure S23). Among them,
conventional (myeloid) DC type 1 cDC1 are identified as CD11c+ XCR1+ and considered to
preferentially trigger prime type 1 immune responses (cytotoxic T cell responses against viral
infections or cancer).[11] Additionally, conventional (myeloid) DC type 2 cDC2 provide a
CD11c+ CD11b+ surface expression and are known to induce type 2 immune responses
(against parasites or bacteria),[55] while plasmacytoid dendritic cells pDC, identified as
CD11c+ B220+, are renowned for their high type 1 interferon secretion and pronounced
antigen presentation capacity.[56,57]
After incubation of FLT3 ligand-differentiated BMDCs for 24 h with empty and CL075-loaded
micelles (and soluble CL075 and the TLR4 agonist LPS as control, both from a DMSO stock
solution), we characterized micelle uptake by the DC subpopulations and their activation
marker expression profile using flow cytometry. TMR fluorescence detection served to
quantify micelle uptake into the three different DC subpopulations. Interestingly, the highest
micelle uptake was observed for cDC1, followed by cDC2, but scarcely any uptake in pDC
(Figure 5E and Figure S24). Micelle uptake in cDC1 is desired in order to initiate cytotoxic T
cell responses that are most favorable for cancer immunotherapy. A slightly higher (but not
significant) uptake was found for the CL075 loaded NP(CL075) compared to empty micelles
NP in cDC1, while for cDC2 the empty micelles seemed to get internalized more effectively
(Figure 5E and Figure S24).
We also analyzed the maturation state for all three DC subtypes by quantifying the surface
expression of the costimulatory molecules CD80 and CD86 as markers for dendritic cell
maturation for antigen presentation (Figure 5F1+F2 and Figure S25). For all three DC
subpopulations (cDC1, cDC2 and pDC), the drug-loaded micelles NP(CL075) induced
significantly upregulated expression of both co-stimulatory maturation markers CD80 and
CD86, while the empty micelles NP remained immunologically silent (like the buffer control).
Similar maturation levels could be obtained for the two positive controls, CL075 and LPS,
demonstrating the safe delivery and efficient CL075 release from the end group block
copolymer micelles.
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Finally, we also checked for the surface expression of the antigen presenting major
histocompatibility class II (MHCII complex) in all three DC subtypes (Figure 5G and Figure
S23, bottom). While the expression and stimulation were – as expected – rather low in cDC1
(they rather favor antigen presentation via MHCI), a significant increase of cells that highly
express MHCII was observed in cDC2 after incubation with NP(CL075), similar to a
stimulation with CL075 alone or LPS. Consequently, micelle-guided CL075 delivery can in
principle also boost type 2 immune responses. For pDCs that already provide quite a high
MHCII expression profile, NP(CL075) could also enhance their expression a bit further and,
thus, may also enhance type 1 immune responses. Altogether, these findings underline that
our TLR7/8 agonist-loaded micelles confer a safe and effective maturation and antigenpresentation capacity for various types of DC which are capable of eliciting a broad spectrum
of type I and type II immune responses. These observations make our micelles highly
attractive for instance as adjuvants during vaccination or cancer immunotherapy.

Figure 5: Biological evaluation of TMR end group labeled block copolymer micelles loaded with the
immune stimulatory TLR7/8 agonist CL075. A: Confocal microscopy of RAW Blue macrophages
incubated with 100 µg/mL empty (NP) and CL075-loaded NP(CL075) micelles derived from TMR end group
labeled polycarbonate block copolymers (red: polymer – blue: nuclei stained with DAPI). B: Flow
cytometry of RAW Blue macrophages incubated with increasing doses of empty (NP) and CL075-loaded
NP(CL075) micelles determined by histogram (B1) and mean fluorescence intensity (MFI) (B2) analyses
(n=3, *** p<0.001). C: Cell viability determined by MTT assay (n=4). D: TLR7/8 receptor stimulation by Raw
Blue assay (n=4). E: Cell uptake into FLT3 ligand differentiated BMDC subpopulations analyzed by flow
cytometry (n = 4, * p<0.05, ** p<0.01, *** p<0.005). F: CD80 and CD86 expression of FLT3 ligand

13
This article is protected by copyright. All rights reserved.

differentiated BMDC subpopulations analyzed by flow cytometry (1) and their corresponding histograms
(2) (n = 4, * p<0.05, ** p<0.01, *** p<0.001). G: MHCII-high expression of FLT3 ligand derived BMDC
subpopulations analyzed by flow cytometry (n = 4, * p<0.05, ** p<0.01, *** p<0.001).

In conclusion, we could demonstrate the successful synthesis and application of single dye
end group modified polycarbonate block copolymers and their resulting (immuno-)drug
loaded micelles. Highly controlled ring-opening polymerizations yielded alcohol end-group
defined block copolymers that could be activated as reactive pentafluorophenyl ester
carbonates. To the best of our knowledge, the approach of installing single reactive end
groups onto aliphatic polycarbonates has not been reported before. It allows us to access
single dye-labeled polymer chains by aminolysis with various primary amine functionalized
dyes. Via a subsequent solvent-evaporation method, these end group dye-labeled block
copolymers could reproducibly be self-assembled into defined polymeric micelles of sizes
around ~25 nm and narrow PDI below 0.1. By including hydrophobic drugs during the selfassembly process, micellar formulations with high drug-loads of 8.87 wt% for the anticancer
drug DIM-DF and 1.74 wt% for the immunodrug CL075 were achieved with high
encapsulation efficiencies above 87%. These micelles were shown to not only solubilize the
cargo but to nicely envelop the drug, avoid protein aggregation in human blood plasma and
promote prolonged circulation in the blood stream of zebrafish embryos. Hydrolytic
disintegration of the micelles was only possible under alkaline conditions revealing expected
end group degradation products. Biological evaluation of the immune-drug CL075 loaded
micelles demonstrated uptake into key antigen-presenting cells as well as sufficient TLR7/8
activation both in an in vitro reporter cell line and in different subpopulations of bone marrow
delivered primary dendritic cells. Overall, these experiments demonstrate that end group
modified polycarbonate block copolymers seem highly suitable for the tracking of the
encapsulation and delivery of various hydrophobic (immuno-)drugs and, thus, for paving the
way of these drugs towards vaccination or cancer (immuno-)therapy.
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