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Complex Structures Made Simple — Continuous Flow
Production of Core Cross-Linked Polymeric Micelles

for Paclitaxel Pro-Drug-Delivery

Tobias A. Bauer, Jonas Schramm, Federico Fenaroli, Svenja Siemer, Christine I. Seid|,
Christine Rosenauer, Regina Bleul, Roland H. Stauber, Kaloian Koynov,* Michael

Maskos, and Matthias Barz*

Translating innovative nanomaterials to medical products requires efficient
manufacturing techniques that enable large-scale high-throughput synthesis
with high reproducibility. Drug carriers in medicine embrace a complex subset
of tasks calling for multifunctionality. Here, the synthesisof pro-drug-loaded
core cross-linked polymeric micelles (CCPMs) in a continuous flow processis
reported, which combines the commonly separated steps of micelle forma-
tion, core cross-linking, functionalization, and purification into a single pro-
cess. Redox-responsive CCPMs are formed from thiol-reactive polypept(o)ides
of polysarcosine-block-poly(S-ethylsulfonyl-L-cysteine) and functional cross-
linkers based on dihydrolipoic acid hydrazide for pH-dependent release of
paclitaxel. The precisely controlled microfluidic process allows the production
of spherical micelles (Dy, = 35 nm) with low polydispersity values (PDI < 0.1)
while avoiding toxic organic solvents and additives with unfavorable safety
profiles. Self-assembly and cross-linking via slit interdigital micromixers pro-
duces 350-700 mg of CCPMs/h per single system, while purification by online
tangential flow filtration successfully removes impurities (unimer < 0.5%).
The formed paclitaxel-loaded CCPMs possess the desired pH-responsive
release profile, display stable drug encapsulation, an improved toxicity profile
compared to Abraxane (a trademark of Bristol-Myers Squibb), and therapeutic
efficiency in the B16F1-xenotransplanted zebrafish model. The combination
of reactive polymers, functional cross-linkers, and microfluidics enables the

continuous-flow synthesis of therapeutically active CCPMs in a single process.

1. Introduction

Envisioning Paul Ehrlich’s idea of the
magic bullet, nanocarriers are designed
to improve specificity, stability, and solu-
bility of active pharmaceutical ingredients
(APIs).3 Due to their small size and high
drug loading capacity, polymeric micelles
have been thoroughly investigated for the
delivery of small-molecule drugs such
as anthracyclines and taxanes.*81 When
nonspecific interactions are absent and a
long halflife in the bloodstream permits
slow accumulation in certain diseased tis-
sues, e.g., solid tumors and granuloma,
the more selective biodistribution of the
encapsulated API can be achieved ena-
bling higher maximum tolerated doses
and improved therapeutic efficiency.[>-13]
For targeted delivery and controlled
release of APIs carrier disintegration and
premature drug release immediately after
the administration into the bloodstream
need to be prevented, which require
additional stabilization strategies.*1¢!
Core cross-linked polymeric micelles
(CCPMs) have thus evolved as the second
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generation of polymeric micelles being stabilized in the core
by covalent or strong noncovalent interactions.®! Moreover,
(bio-) reversible drug conjugation strategies allow for external
or disease-related controlled drug release from CCPMs.[7-20] As
the most promising example, CCPMs containing pH-cleavable
docetaxel (CPC634) are currently under clinical evaluation for
the treatment of platinum-resistant ovarian cancer in phase II
(NCT03742713) 1112122

The production of CCPMs typically involves the self-assembly
of reactive block copolymers, cross-linking, (pro-) drug incorpo-
ration and purification, processes which require facile, robust,
and scalable manufacturing.?’l The required reactive block
copolymers commonly combine a functional block for chemo-
selective core cross-linking, by for, e.g., radical polymerization
in the case of CriPEG (a trademark of Cristal Delivery BV)
platform, with a stealth-like polymer block for steric shielding,
mostly poly(ethylene glycol) (PEG).I"212224 In our case, we use
a reactive copolymer completely based on endogenous amino
acids, in which the stealth properties of polysarcosine (pSar) are
combined with a poly(S-ethylsulfonyl-r-cysteine) (pCysSO,Et)
block allowing for bioreversible core-crosslinking by chemo-
selective disulfide formation.”>%"] Such polymers are known
as polypept(o)ides and can be easily prepared by sequential
living amine-initiated ring-opening N-carboxyanhydride (NCA)
polymerization leading to well-defined polymers with narrow
dispersity.?>-! Polysarcosine, poly(N-methyl glycine), is hydro-
philic, noncharged, and exclusively a weak hydrogen bond
acceptor that adopts a random coil structure in aqueous solu-
tions, meeting the characteristics for protein resistant mate-
rials.?%-32 Besides similar solution properties compared to
PEG, pSar showed an improved safety profile, characterized by
a reduced induction of cytokine release and evasion from accel-
erated blood clearance phenomenon.3%33-35 The polypeptiderp-
CysSO,Etenables secondary structure directed self-assembly
and rapid (reaction rates: kgy >> 1 s7!) chemo-selective core
cross-linking by formation of asymmetric disulfides with di-
or oligo-thiols providing control over particle morphology and
functionality.?6-38l

While microfluidics have evolved to the state-of-the-art tech-
nique for the production of lipid nanoparticles (LNPs) and
colloidal nanoparticles, polymeric micelles and in particular
CCPMs are still synthesized in batch-mode using either film
rehydration, solvent exchange, temperature-induced aggre-
gation, or precipitation techniques.?*! In contrast to such
methods, micromixers enable continuous-flow processes and
offer automated manufacturing increasing production rates
and reproducibility counteracting an advancing complexity,
whereby the closed setup facilitates sterile particle prepara-
tion.**#] In the micrometer-sized compartments self-assembly
can be tuned via solvents, temperature and concentrations,
while diffusive mixing of the fluid streams governs the transfer
of solvents or reagents, and can be adjusted for optimal particle
size (hydrodynamic radius) and polydispersity index (PDI).[*-50
Mixing by simple T- or Y-junctions mainly leads to single
and thick fluid lamellae resulting in high mixing times.l’!l To
reduce the mixing time and gain precise spatial and temporal
control, interdigital micromixers have been developed. In the
slit-interdigital micromixer (SIMM), multilamination and geo-
metric flow focusing lead to thin fluid lamellae and high flow
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velocities.’'>?) The resulting short mixing times (ms-range)
in interdigital micromixers can thus be used to control self-
assembly kinetically, giving access to nonequilibrium struc-
tures as reported for micelles and disc-like structures from
vesicle forming polymers by Thiermann et al.*¢4%53 Although
microfluidics are an established technique for LNPs in nucleic
acid delivery,24559 a complete setup for the continuous
flow production of CCPMs including online purification has
not yet been realized. The combination of self-assembly, core
cross-linking and purification by this methodology is a highly
desirable feature to enable larger-scale production and provide
access to CCPM libraries for screening of drugs and combina-
tion therapies.[0:61

Here, we now report the two-step synthesis and purifica-
tion of functional CCPMs in a continuous flow process with
online tangential flow filtration, whereby functional cross-
linkers permit the decoupled and bio-reversible conjugation of
a drugas demonstrated by the conjugation of a paclitaxel pro-
drug yielding drug-loaded CCPMs (PTX@CCPMs).

2. Results and Discussion

As illustrated in Figure 1A, block copolymers of polysarcosine-
block-poly(S-ethylsulfonyl-r-cysteine) (pSar-b-pCys(SO,Et))
are conventionally assembled to polymeric micelles by sol-
vent switch methods. In a second step, the S-ethylsulfonyl-
groups were addressed by rapid chemo-selective disulfide bond
formation with thiols.3*37] In this step, functional cross-linkers
grant access to functional groups for bio-reversible drug con-
jugation, e.g., via pH-responsive hydrazone bonds, while the
morphology of micelles is preserved due to the rapid disulfide
formation between S-ethylsulfonyl-cysteines and dihydroxy
lipoic acid derivatives (reaction rates: kgyy >> 1 57).21 Conven-
tional oxidative disulfide formation cannot provide the required
rapid disulfide formation kinetics, which makes the use of
S-ethylsulfonyl protective groups essential for the reported
process.

The bottlenecks for the large-scale production of CCPMs
by solution self-assembly are the concentration gradients for
the crosslinker in large volumes, the considerable amount of
time and solvent required for dialysis-based processes, and the
purification of the product CCPMs from residual polymer and
cross-linker via the laborious spin filtration procedure.

The continuous flow process for the production of thera-
peutically active CCPMs reported here addresses all the iden-
tified shortcomings by combining two slit interdigital micro-
mixers with tangential flow filtration (Figure 1B) and enables
the synthesis in a single step. As shown by the process chart in
Figure 1C, self-assembly and core cross-linking were conducted
in two consecutive micromixers connected to the online puri-
fication by tangential flow filtration. In the first step, the solu-
tion of the copolymer in the organic solvent (dimethylsulfoxide
(DMSO)) is mixed with the block selective solvent (water). In
the second micromixer, the cross-linker dissolved in ethanol/
water mixtures is added to the micelle solution from micro-
mixer #1. Since ethanol does not dissolve pCys(SO,Et) the
mixing step does not impair micelle integrity. For purification
by tangential flow filtration regenerated cellulose membranes

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOLILLOD BATea.D 3edldde aup Aq pausenob afe sajoie YO ‘8sN JO Sa|nJ Joj A%eiq18ulUO A8]IM UO (SUOTHPUOO-PUB-SWLBY W0 A8 | 1M ARIq 1 BU1 UO//:SdNL) SUORIPUOD pUe SWLe 1 8} 885 *[£202/90/20] Uo AriqiTauliuo A8|1Mm ‘Uepe JO AiseAIuN AQ 4020T2202 BwPe/Z00T 0T/I0p/W0 A8 | Im Aleiq Ul |uo//Sdny wouy pepeojumod ‘TZ ‘€202 ‘S60vT2ZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

A Nanoparticle Synthesis

www.advmat.de

/\/ A
self- e i NH,
o i | N] assembly \/\SC\/\)LN
‘| =
&s bifunctional
cross-linker
SH
reactive HS core cross- - o
amphiphilic polymeric micelle linked polymeric micelle =Micromixer
polypept(o)ide (CCPM) E_ [ gy

C Continuous Flow Production
S

pump

mixer 1

mixer 2

crossflow micromixer

filtration (SIMM-V2)

D

% polymeric
%_ micelles

slit interdigital

AN

organic

block- polymer
selective solution

solvent

Figure 1. Synthesis of core cross-linked polymeric micelles in a continuous flow process. A) Amphiphilic thiol-reactive pSar-b-pCys(SO,Et) polypept(o)
ides are assembled to polymeric micelles via solvent switch followed by cross-linking by chemo-selective disulfide bond formation with dihydrolipoic
acid hydrazide. B) Photo of the continuous flow setup. C) Chart of the continuous flow process. Reagent mixing by slit interdigital micromixers oper-
ated by HPLC pumps, and online particle purification by tangential flow filtration (MWCO, 30 kDa; regenerated cellulose membrane). D) Schematic
illustration of the slit interdigital micromixer used for self-assembly and cross-linking (SIMM-V2).

(molecular weight cut-off (MWCO), 30 kDa) and water were
employed yielding CCPMs in the retentate. The permeate (or
waste) contains residual polymer, cross-linker, organic solvents,
and tris(2-carboxyethyl)phosphine oxide, which was used to
generate dihydrolipoic acid hydrazide from the parent disulfide.
The dihydrolipoic acid hydrazide enables the covalent attach-
ment of aldehyde or ketone containing drugs to the final
CCPM.

The micromixer for self-assembly was directly connected
to the one for the cross-linking step, and both were operated
by conventional HPLC pumps. All mixing processes were
performed in a slit-interdigital micromixer V2 (SIMM; Fraun-
hofer IMM), which allows for asymmetric flow ratios (e.g.,
1-9), maintain a lamella structure without changes in thickness
over a large variety of flow rates, and shows a low tendency for
aggregate formation (Figure S2, Supporting Information). The
SIMM splits the two fluid streams into eight lamellae fusing
in an interdigital fashion (Figure 1D). The optimal overall flow
rate was found to be ideal at 10-12 mL min™' at which the
microstructures (inner volume 8 uL) direct laminar flow at the
beginning and rather turbulent flow near the outlet capillary
after geometric flow focusing (outlet diameter 60 um; Reyn-
olds number = 4500; total mixing time 40 ms). In comparison
to the SIMM V2, a CAT mixer relies on dead volumes, which
have very little flow, which may cause aggregation of block
copolymer unimers. These aggregates can clog the mixer and
end the continuous production process. To dissolve pSar-b-
pCys(SO,Et) copolymers DMSO was selected over N,N-dimeth-
ylacetamide (DMAc) used previously since the higher polymer
solubility supports the formation of well-defined micelles
(Figure S3, Supporting Information).?”¢364 According to the
guidelines of the International Council for Harmonization
(ICH), DMSO and ethanol are classified as substances with
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a low toxic potential (class 3 solvent), allowing for a process
without potentially hazardous solvents. In addition, the tan-
gential flow filtration, removed remaining traces of cosolvents
(no longer detectable by NMR RI or UV), non-crosslinked block
copolymer and crosslinkers, yielding the final particle solution
with a concentration of 14 g L.

As shown in Figure 2, the micromixer process (MM) yielded
polymeric micelles with small diameters (D,, = 34-36 nm) and
narrow PDIs < 0.1 at optimized conditions. Interestingly, the
MM process does not require the presence of chaotropic thio-
urea for the formation of spherical micelles (+/— TU). The
shear forces in the micromixer prevent the secondary struc-
ture directed self-assembly observed in solution, resulting in
worm-like micelles referring to secondary structure-driven self-
assembly of the pCys(SO,Et) block.l’”.3 Within the micromixer,
the fast and precisely controlled solvent exchange thus governs
the self-assembly process.’*5] Consequently, small spherical
nanoparticles were obtained from pSar-b-pCys(SO,Et) in the
micromixer that were identical to the CCPMs from the dialysis
procedure with TU, in which antiparallel S-sheets were dis-
rupted by saturation of the hydrogen bonds via the chaotropic
agent.’’l Remarkably, cross-linking with dihydrolipoic acid
hydrazide in SIMM #2 did not affect the particle size or PDI,
as shown in Figure 2B (CCPM, WO0). Moreover, the continuous
flow process was robust to alterations in the polymer block
lengths and in the relative flow rate ratios (Figure 2C; Figure S4,
Supporting Information). For this setup up to 700 mg of
CCPMs could be obtained per hour per micromixer system,
whereby channel fouling was not observed at all. Since the
microstructures are crucial for the performance of micromixers,
a further scale-up can best be performed by parallelization, i.e.,
numbering up.? Purification of the CCPMs by tangential flow
filtration slightly increased the particle diameter (39-48 nm),
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Figure 2. Analysis of micelles and CCPMs produced by continuous flow process. A) DLS analysis of micelles and CCPMs by self-assembly (DY) or
micromixer process (MM) with or without thiourea (+/— TU). B) DLS analysis of micelles and CCPMs before (W0) and after purification by tangential
filtration cycles (W1-W3). C) DLS analysis of CCPMs formed by varied relative flow rate ratios. D) HFIP-GPC analysis of micelles and CCPMs before and
after purification by tangential-flow filtration cycles (W0-W3). E) Cryo-EM image of micromixer-CCPMs. F) Diameter of micromixer-CCPMs determined

by AFM and cryo-EM image analysis. G) AFM image of micromixer-CCPMs.

while the PDI decreases. The tangential flow filtration ulti-
mately led to CCPMs with free polymer contents below the
limit of detection in HFIP-GPC analysis (<0.5%) (Figure 2D;
Figure S5, Supporting Information), which further underlines
the stability of the CCPMs. Beyond small molecule contamina-
tion, purification from unconjugated polymer is of significance
for most biomedical applications of CCPMs as free amphiphilic
unimers cause unspecific interaction with plasma proteins.[°¢!
Analysis of the CCPMs by cryogenic transmission electron
microscopy (cryo-EM) and atomic force microscopy (AFM) con-
firmed the spherical morphology of the purified nanoparticles.
The diameters of 24.8 + 76 nm (cryo-EM) and 25.7 + 5.3 nm
(AFM) were in good agreement with (multiangle) DLS analysis,
where no angle dependency was observed (Figure 2B,E-G;
Figures S6-S9, Supporting Information). Interestingly, the
formed CCPMs can not only be lyophilized and resuspended
without alterations of the size distribution, but remain stable
even as functional CCPMs over more than 3 years in solution
(Figure S10, Supporting Information).

The presented continuous flow process successfully yielded
CCPMs from pSar-b-pCys(SO,Et) at varied chain lengths
and flow rate ratios when the functional cross-linker dihy-
drolipoic acid hydrazide was used. In fact, the selection of the
cross-linker was an important parameter for the process. If
larger and more hydrophobic cross-linkers were used, aggre-
gate formation and channel fouling were readily observed in
the micromixer (Figures S11 and S12, Supporting Informa-
tion). Moreover, the functional cross-linkers used in this study
allowed the conjugation of multiple drugs to the given CCPM
system. Each process can thus be optimized separately with the
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potential to achieve higher yields at reduced synthetic effort and
cost.[l Nevertheless, whenever lead compound have been iden-
tified drug loading can be easily implemented by adding a third
micromixer.

As illustrated in Figure 3, the functional cross-linker lipoic
acid hydrazide was designed to conjugate ketone-modified (pro)
drugs to CCPMs by hydrazone bond formation, for example
the PTX-LEV used here. Hydrazone bonds remain intact at
physiological pH and enable stimuli-responsive drug release by
cleavage at endo-lysosomal pH values.' In combination with
the disulfide cross-links, PTX-loaded CCPMs (PTX@CCPMs)
featured dual stimuli-responsive drug release accounting for
optimal API delivery’¥] The contemporaneous availability of
PTX and cysteine was not expected to interfere with the drug’s
mechanism of action but may be relevant for delivery of APIs
such as cisplatin. 669

Two techniques were evaluated for PTX conjugation to
CCPMs: film-hydration and reaction in DMSO. For the latter,
DMSO was employed to solubilize the drug and induce
swelling of the micellar core. To provide an additional driving
force for drug loading into the core, the film-hydration tech-
nique was adapted and modified from vesicle and micelle
preparation methods. In both cases, excess PTX-LEV can be
removed by centrifugation and filtration, and the final drug-
loaded nanoparticles are obtained in aqueous solution after
reconstitution with sterile water or buffer from lyophiliza-
tion. The conjugation of PTX-LEV to lipoic acid hydrazide-
functionalized CCPMs was verified by NMR analysis, whereby
characteristic signals of the hydrazone-bond formation could be
detected (Figure S13, Supporting Information). Further, both
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Figure 3. PTX pro-drug conjugation to functional CCPMs by hydrazone bond formation (PTX@CCPMs). A) DLS analysis showed narrow PDIs for
CCPMs before and after drug loading, purification, lyophilization, and reconstitution in water. No significant differences were observed when film-
hydration (PTX@CCPMs-F) or reaction in DMSO (PTX@CCPMs-D) were applied for drug conjugation. B) Quantification of total and conjugated
amount of PTX (in wt%) by RP-HPLC. Data reported as N * standard error of the mean for at least 4 independent experiments. Two-way ANOVA (*):
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. C) AFM images of PTX@CCPMs confirmed spherical particle morphology. D) HFIP-GPC analysis
confirmed particle integrity after drug-loading. E) Multi angle DLS of PTX@CCPMs in undiluted human plasma: autocorrelation function g (¢) given for
a representative measurement angle of 30°. The fits with (blue line) and without (red line) aggregation term (upper graph), and the derived residuals
for the fit w/o aggregate (lower graph) indicated no significant deviation and thus no significant aggregation. F) Stimuli-responsive drug release at

37 °C in biologically relevant osmolar conditions (pH = 5.0 or 7.4), evaluated by RP-HPLC (N = 3).

loading techniques did not alter the narrow PDIs of below 0.1
for PTX@CCPMs (Figure 3A). In addition, the particle sizes
were not significantly affected by the drug loading via film-
hydration (PTX@CCPMs-F) or reaction in DMSO (PTX@
CCPMs-D). As shown in Figure 3B, total paclitaxel contents
of 781 + 1.51 and 4.79 + 0.47 wt% were determined for PTX@
CCPMs-F and PTX@CCPM-D by RP-HPLC. Film-hydration
thus leads to significantly higher total drug loading (p < 0.0001)
compared to the reaction in DMSO. The comparable amounts
of conjugated drug point toward a densely packed micellar
core.70 In fact, loading polymeric micelles with taxanes fre-
quently leads to comparable or even lower drug contents of
below 3 wt%."73] When the conjugation reactions were per-
formed in DMF or CHCl; which also solubilize the copolymer,
no drug loading could be identified. In addition, reactions in
DMSO in the presence of buffer containing aniline, which has
been reported to catalyze the hydrazone bond formation for
small molecules in solution, did not improve but decrease drug
loading.”#7>] When analyzed by AFM, spherical structures with
sizes well below 50 nm in diameter were revealed for PTX@
CCPMs (Figure 3C). Drug loading did thus not affect the mor-
phology of the nanoparticles. In addition, the GPC confirmed
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the integrity of the cross-linked nanomedicine, as no significant
traces of homopolymer could be detected after incubation in
HFIP for 1 h (Figure 3D).

For passive targeting of diseased tissue via the enhanced
permeability and retention (EPR) effect or related phenomena,
stable circulation in the blood stream without premature carrier
disintegration and drug release is a basic requirement, which
stimulated the development of CCPMs.”®l Unspecific interac-
tion of the carrier with components of the blood plasma shall
thus be prevented.”] Consequently, PTX@CCPMs were ana-
lyzed by multi-angle DLS in human blood plasma following the
procedure established by Rausch et al.’® Here, no significant
aggregation could be detected after incubation at 37 °C for 1 h
(Figure 3E; Figure S14, Supporting Information).

To understand further the behavior of the CCPMs in human
blood plasma we have labeled the micelles with a fluorescent
dye (Atto647N) and studied them with fluorescence correla-
tion spectroscopy (FCS).””! Due to its very high sensitivity
and fluorescence-based selectivity the method is uniquely
suited for characterization of drug nanocarriers in undiluted
blood plasma and even in whole blood.[B%82 The FCS experi-
ments (Figure S15, Supporting Information) showed that after
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A cell culture: time-dependency B zebrafish embryo xenograft tumor model B16F1 xenograft
04 i * Paclitaxel
N = Abraxane
& = PTX@CCPMs
2
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&
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Figure 4. Biologic evaluation of PTX@CCPMs. A) Time-dependent toxicity of paclitaxel formulations in Hela cells. B) Schematic illustration of the
B16F1 mouse melanoma cell xenograft tumor model in zebrafish embryos. Cancer cells were injected in the neural tube which is located in the trunk
region indicated by the black rectangle. The magnification shows neural tube (NT), noto-chord (N), dorsal longitudinal anastomotic vessel (DLAV),
caudal artery (CA), and caudal vein (CV) with tumor formation after xenotransplantation in the neural tube.®l C) Fluorescence microscopy image of
the PTX@CCPM (white) accumulation in the tumor-region of RFP expressing B16F1 mouse melanoma cell (red) xenotransplanted zebrafish embryos,
8 h post nanoparticle injection. D) Toxicity study for paclitaxel formulations in zebrafish embryos (without tumor). N > 20. E) Cancer treatment study
for paclitaxel formulations in B16F1 bearing zebrafish embryos. N > 20. Therapeutic dosis based on equal toxicity. The schematic illustration in (B)

was adapted and modified from Kocere et al.®’]

incubation in undiluted human blood plasma at 37 °C for 1 h
the CCPMs have a hydrodynamic radius Ry plasma = 31.3 nm,
compared t0 Ry yaer = 30.7 nm measured in water. These basi-
cally identical values indicate that neither aggregation nor sig-
nificant protein corona formation takes place in human blood
plasma. Moreover, the autocorrelation curves of functional
CCPMs remained identical at 0, 1, and 4 h incubation in plasma
(Figure S16, Supporting Information).

The developed PTX@CCPMs displayed rapid drug release
of 46.9 + 3.2% after 3 h, and up to 95.8 £ 5.4% after incuba-
tion at pH 5 for 48 h. Vice versa, PTX@CCPMs are stable in
PBS (pH 74), and only minor drug release of 79 + 2.8% and
21.5 + 1.1% could be detected after incubation over the same
time frame (Figure S17, Supporting Information). This under-
lines the stimuli-responsive release mediated by the pH-
sensitive hydrazone bone.[%8384

Finally, the developed PTX@CCPMs were tested in cell
culture and in zebrafish embryos, and their therapeutic per-
formance was compared to Abraxane as internal reference
(Figure 4). Abraxane is considered as the first FDA-approved
nanomedicine, whereby PTX is formulated with human serum
albumin replacing castor oil and ethanol used in Taxol.8%%7] As
shown in Figure 4A, the time-dependent toxicity varied among
the three formulations (Figure 4B) in Hela (Figure S18, Sup-
porting Information) and B16F10 (Figure S19, Supporting Infor-
mation) cells. At equal drug concentration, free PTX in DMSO
induced severe toxicity immediately. In contrast, Abraxane and
PTX@CCPMs showed reduced toxicity after 2 h of treatment
underlining the desired extracellular stability. Due to the pH
drop during cellular uptake after 48 h incubation time, PTX@
CCPMs and Abraxane showed similar 1Cs, values of 20.6 and
14.9 x 10 M in Hela cells (Figure 4A), both comparable with
the free drug dissolved in DMSO (11.7 x 10~ m) (Figure S18,
Supporting Information).l®! The identical cellular toxicity after
48 h, thus underlined efficient PTX release.
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For the consequent in vivo study, we chose an established
B16F1 melanoma zebrafish model. Zebrafish embryo are an
emerging preclinical model allowing for rapid drug screening
for novel therapeutic approaches against bacterial infections
and cancer, substantially contributing to reducing animal
testing in rodents.'28588-%0] In zebrafish embryo xenotrans-
planted with red fluorescent protein (RFP) expressing B16F1
mouse melanoma cells, PTX@CCPMs significantly accumu-
late in the tumor region within 8 h post injection according to
fluorescence-based image analysis (Figure 4C; Figure S20, Sup-
porting Information).8%1 At this time point, more than 40% of
the injected dose were still in circulation and could be detected
in the vasculature (Figure S21 (Supporting Information);
Figure 4C, upper image, PTX@CCPM in white). The drug
loading did not impair the circulation behavior of the carrier
but even slightly reduced nanoparticle clearance from the blood
stream (Figure S21, Supporting Information). The maximum
tolerated dose of PTX@CCPMs and Abraxane was tested using
healthy zebrafish embryos (Figure 4D). For PTX@CCPMs, up
to 10 ng of PTX per fish could be administered without detect-
able toxicity at day 5 post injection. In comparison, application
of PTX via Abraxane was less well tolerated inducing toxicity
even at lower doses (>1 ng). The more stable encapsulation of
PTX by covalent conjugation in PTX@CCPMs thus reduces off-
target toxicity of the taxane. These findings are in line with ear-
lier reports on the reduced toxicity of doxorubicin encapsulated
in polymersomes compared to the free drug tested in zebrafish
embryos.! Ultimately, tumor therapy was performed at the
maximal tolerated dose (MTD) using 10 and 1 ng PTX per fish
administered by PTX@CCPMs or Abraxane compared to non-
loaded CCPMs or PBS. As shown in Figure 4E, both PTX treat-
ments showed a reduction in cancer growth, whereby PTX@
CCPMs outperformed Abraxane at the MTD.

Taken together, the presented concept for the synthesis of
drug-loaded CCPMs by continuous microfluidic processes
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provides a convenient and highly controlled access to efficient
nanomedicines. Future research will be directed to explore this
platform beyond the model drug PTX and for encapsulation of
synergistic APIs realizing combination therapy.

3. Conclusion

In this work, we report on a continuous flow process for the
synthesis of functional core cross-linked polymeric micelles
(CCPMs) allowing for precise control over the molecular prop-
erties of polymeric nanomedicines. The CCPMs are produced
by self-assembly and cross-linking in two consecutive slit inter-
digital micromixers using chemo-selective disulfide bond for-
mation of thiol-reactive polypept(o)ides (pSar-b-pCys(SO,Et))
with functional cross-linkers. Online purification by tangential
flow filtration was used for particle purification and could suc-
cessfully reduce the amount of unconjugated polymer to below
the limit of detection (£0.5%). Without any numbering up by
parallelization, the process leads to 350-700 mg CCPMs/h. Due
to the precisely controlled self-assembly conditions, spherical
micelles with a D, = 35 nm and low PDI < 0.2 can be obtained.
Consequently, the continuous flow process could be performed
in solvents with a low toxicity profile (DMSO, ethanol) and
aqueous buffer. Drug conjugation was demonstrated by pacli-
taxel-levulinic acid attachment to CCPMs via hydrazone bond
formation (PTX@CCPMs). The drug-loading did not affect the
nanoparticle size and morphology while featuring pH-respon-
sive drug release. In cell culture (HeLa, B16F1) PTX@CCPMs
showed similar performance compared to Abraxane, while the
stable encapsulation in PTX@CCPMs reduced the toxicity of
the paclitaxel and allowed for higher dosing in a zebrafish xeno-
graft model (B16F1). In this model, PTX@CCPMs outperform
Abraxane in therapeutic efficiency underlining the potential of
CCPMs containing covalently attached taxanes. In addition, the
presented strategy enables the attachment of multiple drugs
required for the rapid development of combination therapies.
The presented continuous flow process for the production and
purification will ease this development substantially and foster
the translation of CCPMs by enabling the straightforward syn-
thesis of particle libraries under precisely controlled conditions.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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