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Abstract 

Translating innovative nanomaterials to products requires efficient 
manufacturing techniques that ease large-scale and high-throughput synthesis 
with high reproducibility. Drug carriers in medicine embrace a complex subset of 
tasks calling for functionality yet robust concepts. Here, we report the synthesis 
of core cross-linked polymeric micelles (CCPMs) in a continuous flow process, 
which combines the commonly separated steps of micelle formation, core cross-
linking, and purification into a single device. 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 self-assembly process allows the production of spherical micelles (Dh 
= 35 nm) while avoiding organic solvents and additives with unfavorable toxicity 
profiles. Self-assembly and functional cross-linking via slit interdigital 
micromixers produce 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 (PTX@CCPMs) possess the 
desired pH-responsive drug release profile, display stable drug encapsulation, an 
improved toxicity profile compared to Abraxane, as well as therapeutic efficiency 
in the B16F1-xenotransplanted zebrafish larvae model. Therefore, the 
combination of reactive polymers, functional cross-linkers, and microfluidics 
enables the continuous-flow synthesis of therapeutically active CCPMs. 

Keywords  

polymeric micelles • polypept(o)ides • micromixer •continuous flow • cross-linking • 
stimuli-responsive   
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Introduction 

Envisioning Paul Ehrlich’s idea of the magic bullet, nanocarriers were designed 
to provide specificity, stability, and solubility to active pharmaceutical 
ingredients (APIs).1–3 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.4–8 When non-specific 
interactions are absent and a long half-life in the bloodstream permits slow 
accumulation in diseased tissue, the selective biodistribution of the encapsulated 
API can be achieved enabling higher maximum tolerated doses and improved 
therapeutic efficiency.3,9–11 To prevent premature drug release and carrier 
disintegration immediately after the administration into the bloodstream, 
additional stabilization strategies are required.12–14 Core cross-linked polymeric 
micelles (CCPMs) have thus evolved as the second generation of polymeric 
micelles.14 Moreover, (bio-) reversible drug conjugation strategies have been 
described that allow for external or disease-related drug release from CCPMs.15–

18 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).11,19,20  

The production of CCPMs typically involves the self-assembly of reactive block 
copolymers, cross-linking, and purification but requires facile, robust, and 
scalable manufacturing.21 By combining the shielding properties of polysarcosine 
(pSar) with the inherent functionality and reactivity of polypeptides, the hybrid 
systems thereof, so-called polypept(o)ides, have attracted increasing attention.22–

24 Polypept(o)ides can be prepared by living amine-initiated ring-opening N-
carboxyanhydride (NCA) polymerization leading to well-defined polymers with 
narrow dispersity.25–27 Polysarcosine, poly(N-methyl glycine), is hydrophilic, non-
charged, and exclusively a weak hydrogen bond acceptor that adopts a random 
coil structure in aqueous solutions, meeting the characteristics for protein 
resistant materials.28–30 Besides similar solution properties compared to 
poly(ethylene glycol) (PEG), pSar showed an improved safety profile, 
characterized by a reduced induction of cytokine release and evasion from 
accelerated blood clearance phenomenon.28,31–33 In combination with pSar as the 
shell material, poly(S-ethylsulfonyl-L-cysteine) (pCysSO2Et) provides multi-
functionality to CCPMs.34,35 The thiol-reactive S-alkylsulfonyl group allows for 
NCA polymerization and can be addressed for chemoselective disulfide bond 
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formation, leading to CCPMs with tunable morphology and core functionality.35–

38  

While microfluidics have evolved to the state-of-the-art technique for the 
production of lipid nanoparticles (LNP) and colloidal nanoparticles, polymeric 
micelles and in particular CCPMs are synthesized in batch-mode using either film 
rehydration, solvent exchange, temperature-induced aggregation or precipitation 
techniques, which grant access to well-defined particles at optimized 
conditions.39–41 Beyond such methods, micromixers enable continuous-flow 
processes and offer automated manufacturing increasing production rates and 
reproducibility, whereby the closed setup facilitates sterile particle 
preparation.42,43 In the micrometer-sized compartments self-assembly can be 
tuned via solvents and concentrations, while diffusive mixing of the fluid streams 
governs the transfer of solvents or reagents, and can be adjusted for optimal 
particle size and PDI.44–46 Mixing by simple T- or Y-junctions mainly leads to 
single and thick fluid lamellae resulting in high mixing times.47 To reduce the 
mixing time and gain precise spatial and temporal control, interdigital 
micromixers have been developed. In the slit-interdigital micromixer (SIMM), 
multi-lamination and geometric flow focusing lead to thin fluid lamellae and high 
flow velocities.47,48 The short mixing times in interdigital micromixers could thus 
be used to control self-assembly kinetically, giving access to non-equilibrium 
structures as reported for polymersomes from non-vesicle forming polymers by 
Thiermann et al.42,45,49 Although micromixers are the preferred technique for 
LNPs in nucleic acid delivery,41,42,50–55 a complete setup for the continuous flow 
production of CCPMs including online purification has not been reported to the 
best of our knowledge. The combination of self-assembly, core cross-linking and 
purification by this methodology is highly desirable feature to enable larger-scale 
production and provide access to CCPM libraries for screening of drugs and 
combination therapies by nanomedicine.56  

We now propose the two-step synthesis and purification of CCPMs in a continuous 
flow process with online tangential flow filtration, whereby functional cross-
linkers permit the decoupled and bio-reversible conjugation of a paclitaxel pro-
drug yielding drug-loaded CCPMs (PTX@CCPMs) for tumor therapy. 
Nanoparticle performance is evaluated in cell culture and xenotransplanted 
tumor-bearing zebrafish larvae and compared to Abraxane. Xenotransplant 
tumor-bearing zebrafish larvae have evolved as a complementary in vivo model 
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to reduce animal test in rodents, enabling high throughput screening in 
combination with pharmacokinetic and pharmacodynamic studies.57–60 

Results and Discussion 

The concept for the synthesis of stimuli-responsive CCPMs via the continuous 
flow process is based on the cross-linking of thiol-reactive polypept(o)ides with 
functional cross-linkers. As illustrated in Figure 1A, block copolymers of 
polysarcosine-block-poly(S-ethylsulfonyl-L-cysteine) (pSar-b-pCys(SO2Et)) were 
assembled to polymeric micelles by solvent switch methods. In a second step, the 
S-ethylsulfonyl-groups were addressed by chemoselective disulfide bond 
formation with thiols.34,35 The designed cross-linker based on lipoic acid grants 
access to functional groups for bio-reversible drug conjugation via pH-responsive 
hydrazone bonds. While high reaction rates have been reported for the 
chemoselective disulfide bond formation,61 the bottlenecks for a potential large-
scale production of CCPMs were identified as the considerable amounts of solvent 
required by dialysis-based processes and the purification of the product CCPMs 
from residual polymer and cross-linker via the laborious and time-consuming spin 
filtration procedure. Moreover, to obtain spherical morphologies from batch 
processes, chaotropic additives such as thiourea are required to disrupt secondary 
structure formation of the thiol-reactive pCys(SO2Et) block to direct self-
assembly.35  

In this study, we report on a continuous flow process for the production of 
therapeutically active CCPMs to address the identified shortcomings. 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 purification by 
tangential flow filtration. In the first step, the solution of the copolymer in the 
organic solvent is mixed with water as the block selective solvent. In the second 
micromixer, the cross-linker dissolved in ethanol/water mixtures is added to the 
micelle solution from micromixer #1. Since ethanol does not dissolve pCys(SO2Et) 
the mixing step does not impair micelle integrity. For purification by tangential 
flow filtration regenerated cellulose membranes (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 (3). 
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Figure 1. Synthesis of core cross-linked polymeric micelles in a continuous flow process. 
(A) Amphiphilic thiol-reactive pSar-b-pCys(SO2Et) polypept(o)ides are assembled to 
polymeric micelles via solvent switch followed by cross-linking by chemoselective 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 
operated 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). 

The complete setup of the continuous flow process and the online tangential flow 
filtration is displayed in Figure 1B. The micromixer for self-assembly was directly 
connected to the reactor for the cross-linking step, and both were operated by 
HPLC pumps. After cross-linking, the particles entered the tangential flow 
filtration, where a four-fold dilution was performed, and the 10-fold concentrated 
particle solution could be collected (βCCPM = 14 g·L-1). All mixing processes were 
performed in a slit-interdigital micromixer V2 (SIMM; Fraunhofer IMM), which 
allows for asymmetric flow ratios (e.g., 1-9) and shows a low tendency for 
aggregate formation (Figure S2). The SIMM splits the two fluid streams into eight 
lamellae fusing in an interdigital fashion (Figure 1D). The optimal overall flow 
rate was 10-12 mL·min-1 at which the microstructures (inner volume 8 µL) direct 
laminar flow at the beginning and rather turbulent flow near the outlet capillary 
after geometric flow focusing (outlet diameter 60 µm; Reynolds number ~ 4500; 
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total mixing time 40 ms). To dissolve pSar-b-pCys(SO2Et) dimethyl sulfoxide 
(DMSO) was selected over N,N-dimethylacetamide (DMAc) used previously since 
the higher polymer solubility supports the formation of well-defined micelles 
(Figure S3).35,62,63 According to the guidelines of the International Council for 
Harmonization (ICH), DMSO and ethanol are classified as substances with a low 
toxic potential (class 3 solvent), allowing for a process without potentially 
hazardous solvents. In addition, potentially carcinogenic thiourea (TU) was 
rendered unnecessary for the synthesis of spherical particles from pSar-b-
pCys(SO2Et) using the continuous flow process. 

 
Figure 2. Analysis of micelles and CCPMs produced by continuous flow process. (A) DLS 
analysis of micelles and CCPMs by self-assembly or micromixer process. (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. 

As shown in Figure 2, the micromixer process (MM) yielded polymeric micelles 
with small diameters (Dh = 34-36 nm) and narrow PDIs ≤0.17, irrespective of 
chaotropic additives (+/- TU). Conversely, larger structures were obtained when 
the dialysis procedure (DY) was applied without TU, resulting in worm-like 
micelles referring to secondary structure-driven self-assembly of the pCys(SO2Et) 
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block.35,62 Within the micromixer, the fast and precisely controlled solvent 
exchange thus overruled the secondary structure formation as the guiding 
element.46,64 Consequently, small spherical nanoparticles were obtained from 
pSar-b-pCys(SO2Et) in the micromixer that were identical to the CCPMs from the 
dialysis procedure with TU, in which anti-parallel β-sheets were disrupted by 
saturation of the hydrogen bonds via the chaotropic agent.35 Cross-linking with 
dihydrolipoic acid hydrazide in SIMM #2 did not affect the particle size or PDI, as 
shown in Figure 2B (CCPM, W0). 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). For each device 350-700 mg of CCPMs could be 
obtained per hour, whereby channel fouling was not observed. Since the 
microstructures are crucial for the performance of micromixers, scale-up can best 
be performed by parallelization, i.e., numbering up.48 Purification of the CCPMs 
by tangential flow filtration slightly increased the particle diameter during the 
process (39 nm to 48 nm) yet slight decreasing the PDI to 0.1. The tangential flow 
filtration ultimately lead to CCPMs with free polymer contents below the limit of 
detection in HFIP-GPC analysis (≤ 0.5%) (Figure 2D, Figure S5), which further 
underlines the stability of the CCPMs. Beyond small molecule contamination, 
purification from unconjugated polymer is of significance for most biomedical 
applications of CCPMs as free amphiphilic unimers cause unspecific interaction 
with plasma proteins.65 Analysis of the CCPMs by cryogenic transmission electron 
microscopy (cryo-EM) and atomic force microscopy (AFM) confirmed the spherical 
morphology of the purified nanoparticles. The diameters of 24.8 ± 7.6 nm (cryo-
EM) and 25.7 ± 5.3 nm (AFM) were in good agreement with (multi-angle) DLS 
analysis, where no angle dependency was observed (Figure 2B, Figure 2E-G, and 
Figure S6-S9).  

The presented continuous flow process successfully yielded CCPMs from pSar-b-
pCys(SO2Et) at varied chain lengths and flow rate ratios when the functional 
cross-linker dihydrolipoic 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, aggregate formation and channel fouling 
were readily observed in the micromixer (Figure S10-S11). As a solution, 
functional cross-linkers allowed decoupling of carrier synthesis and drug 
conjugation. Each process could thus be optimized separately with the potential 
to achieve higher yields at reduced synthetic effort and cost. This relies on stable 
nanocarriers that do not aggregate during drug loading and purification, a task 
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well suitable for core cross-linked particles.66 As illustrated in Figure 3, the 
functional cross-linker lipoic acid hydrazide was designed to conjugate ketone-
modified PTX-LEV to CCPMs by hydrazone bond formation. Hydrazone bonds 
remain intact at physiological pH and enable stimuli-responsive drug release by 
cleavage at endo-lysosomal pH values.17 In combination with the disulfide cross-
links, PTX-loaded CCPMs (PTX@CCPMs) featured dual stimuli-responsive drug 
release accounting for optimal API delivery.67 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.68,69 

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 technique was adapted and 
modified from vesicle and micelle preparation methods. In both cases, excess PTX-
LEV was removed by centrifugation and filtration, and the final drug-loaded 
nanoparticles were obtained in aqueous solution after reconstitution with sterile 
water from lyophilization. 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 S12). Further, 
both loading techniques lead to PTX@CCPMs with narrow PDIs below 0.1 (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). Since vast swelling is inhibited by the high cross-linking density within the 
micellar core, the comparable sizes account for absence of aggregation. 
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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 g1(t) 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 and 
correlation function (lower graph) indicated 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). 
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As shown in Figure 3B, total paclitaxel contents of 7.81 ± 1.51 wt.% and 
4.79 ± 0.47 wt.% were determined for PTX@CCPMs-F and PTX@CCPM-D by RP-
HPLC, while similar amounts of approx. 3 wt.% were conjugated covalently. 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 hampering the reaction of the cross-
linker with the relatively large drug molecule.44,70 In fact, loading polymeric 
micelles with taxanes frequently leads to low drug contents below 3 wt.% unless 
specific drug-polymer interactions are employed.71–73 When the conjugation 
reactions were performed in DMF or CHCl3 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.74,75 Since higher drug-loading was achieved by film-
hydration, only these particles were further investigated. When analyzed by 
AFM, spherical structures with sizes well below 50 nm were revealed for 
PTX@CCPMs (Figure 3C). Drug loading by film-hydration did thus not affect the 
morphology of the nanoparticles. In addition, the GPC confirmed 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.76 Unspecific interaction of the carrier with 
components of the blood plasma shall thus be prevented.77 Consequently, 
PTX@CCPMs were analyzed by multi-angle DLS in human blood plasma 
following the procedure established by Rausch et al.78 Here, no significant 
aggregation could be detected after incubation at 37°C for 1 h (Figure 3E and 
Figure S13). To study the stimuli-responsive drug release, PTX@CCPMs were 
incubated at physiological or endo-lysosomal pH and analyzed by RP-HPLC. As 
shown in Figure 3F, PTX-LEV was quickly released from the nanoparticle 
providing 46.9 ± 3.2% after 3 h, and up to 95.8 ± 5.4% cumulative drug release 
after incubation at pH 5 for 48 h. Vice versa, a slower release profile was observed 
in PBS (pH 7.4), whereby only 7.9 ± 2.8% and 21.5 ± 1.1% could be detected after 
incubation for 3h and 48 h. This underlines the stimuli-responsive release 
mediated by the pH-sensitive hydrazone bone.17,79,80  
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For biologic evaluation PTX@CCPMs were tested in cell culture and in zebrafish 
embryos, and the performance was compared to Abraxane as internal therapeutic 
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.81,82 As shown in Figure 4A, the time-
dependent toxicity varied among the three formulations (Figure 4B and Figure 
S15B). At equal drug concentration, free PTX in DMSO induced severe toxicity 
immediately. In contrast, Abraxane and PTX@CCPMs showed reduced or modest 
toxicity at the early 2 h time point. After 48 h, no differences could be observed 
for the cell viability among all groups. In addition, PTX@CCPMs and Abraxane 
showed similar IC50 values of 20.6 and 14.9 nm in HeLa cells (Figure 4A), both 
comparable with the free drug dissolved in DMSO (11.9 nm) (Figure S14). 
Referring to the release profile of PTX@CCPMs (Figure 3F), the slower kinetics 
matched the expectation, as the nanomedicine requires cleavage of the pro-drug 
before inducing toxicity.14 The identical cellular toxicity after 48 h, thus 
underlined the successful PTX release. 

 
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 trunk 
central 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.83 (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 
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zebrafish embryos (without tumor). (E) Cancer treatment study for paclitaxel formulations 
in B16F1 bearing zebrafish embryos. The schematic illustration in (B) was adapted and 
modified from Kocere et al.83 

For the consequent in vivo study, we chose the zebrafish larvae model. Zebrafish 
larvae 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.58–60,83 In 
zebrafish larvae xenotransplanted with red fluorescent protein (RFP) expressing 
B16F1 mouse melanoma cells, PTX@CCPMs significantly accumulate in the 
tumor region within 8 h post injection according to fluorescence-based image 
analysis (Figure 4D and Figure S16).57,84 At this time point, more than 40% of the 
injected dose were still in circulation and could be detected in the vasculature 
(Figure S17, Figure 4D, upper image, PTX@CCPM in white). The drug loading 
did not impair the circulation behavior of the carrier but slightly reduced 
nanoparticle clearance from the blood stream (Figure S17). The maximum 
tolerated dose of PTX@CCPMs and Abraxane was tested using healthy zebrafish 
embryos (Figure 4E). For PTX@CCPMs, up to 10 ng of PTX per fish could be 
administered without detectable toxicity at day 5 post injection. In comparison, 
application of PTX via Abraxane was less tolerated allowing for only 5 ng of PTX 
without inducing toxicity. The same trend for the survival rate was found for 
doses of 20 ng PTX administered by PTX@CCPMs and 10 ng of PTX via Abraxane. 
The more stable encapsulation of PTX in PTX@CCPMs thus reduced off-target 
toxicity of the API. These findings are in line with earlier reports on the reduced 
toxicity of doxorubicine encapsulated in polymersomes compared to the free drug 
tested in zebrafish embryos.57 Ultimately, the nanomedicines were investigated 
in B16F1 tumor-bearing zebrafish embryos. Cancer cells were injected 24 h before 
the treatment, and the therapeutic efficacy was evaluated by fluorescence-based 
image analysis after 6 days. Tumor therapy was performed at equal toxicity using 
10 and 5 ng PTX per fish administered by PTX@CCPMs or Abraxane compared 
to empty CCPMs or PBS. As shown in Figure 4F, both PTX treatments showed a 
reduction in cancer growth, whereby no statistical significances could be 
evaluated among PTX@CCPMs or Abraxane. In this preclinical study, Abraxane 
and PTX@CCPMs showed comparable performance, whereby the improved 
toxicity profile of PTX@CCPMs is a first indication for a beneficial patient 
compliance.  
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Taken together, the presented design concept for decoupling CCPM synthesis and 
drug loading enables continuous flow production of nanoparticles and stimuli-
responsive encapsulation and conjugation of small molecule (pro-) drugs. Future 
research will be directed to explore this platform beyond the model drug PTX and 
for encapsulation of synergistic APIs realizing combination therapy. 

Conclusion 

We have established a continuous flow process for the synthesis of core cross-
linked polymeric micelles aiming for precise control over the molecular properties 
of the next generation of nanomedicines. The core-shell architectures were 
produced by self-assembly and cross-linking in two consecutive slit interdigital 
micromixers using chemoselective disulfide bond formation of thiol-reactive 
polypept(o)ides (pSar-b-pCys(SO2Et)) with functional cross-linkers. Online 
purification by tangential flow filtration was used for particle purification and 
could successfully 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 well-defined self-assembly kinetics, 
spherical micelles (Dh = 35 nm, PDI = 0.17) were obtained. Consequently, the 
continuous flow process could be performed in solvents with a low toxicity profile 
(DMSO, ethanol). After CCPM synthesis and purification, paclitaxel-levulinic 
acid was conjugated to the CCPMs via hydrazone bond formation with the lipoic 
acid cross-linker (PTX@CCPMs). The drug-loading did not affect the nanoparticle 
size and morphology while featuring pH-responsive drug release. In cell culture 
(HeLa, B16F1) and the zebrafish embryo xenograft model (B16F1), PTX@CCPMs 
showed similar performance compared to Abraxane, while the stable 
encapsulation in PTX@CCPMs reduced the toxicity of the paclitaxel in vivo. 
Committing to the strategy of decoupled CCPM synthesis and drug conjugation, 
future research will focus on tuning the release kinetics of APIs to establish 
combination therapies. The presented continuous flow process for the production 
and purification will ease the translation of CCPMs by enabling the 
straightforward synthesis of particle libraries under precisely controlled 
conditions. 
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Supporting Information 

Experimental Section 

Materials and Methods: Unless stated otherwise, solvents and reagents were used 
as received and purchased from Sigma-Aldrich. HFIP was purchased from 
Fluorochem, deuterated solvents were obtained from Deutero GmbH, (R)-lipoic 
and was bought from TCI Europe. PTX-LEV was obtained from Mercachem, 
Atto647N N-hydroxysuccinimide (NHS) was obtaind from Atto Tec GmbH. 
Tetrahydrofuran (THF) was dried over Na, chloroform (CHCl3) was dried over 
CaH2 and were freshly distilled before use. N,N-Diisopropylethylamine (DIPEA) 
and N,N-triethylamine (NEt3) were dried over sodium hydroxide, distilled, and 
stored at -20 °C until further use. N,N-Dimethylformamide (DMF) (99.8 %, extra 
dry over molecular sieve) was bought from Acros and freshly freeze-pumped prior 
to use to remove residual dimethyl amine. MilliQ water was prepared by using a 
MILLI-Q Reference A+ System and used at a resistivity of 18.2 MΩ·cm-1 and total 
organic carbon content below 5 ppm. Human blood plasma for DLS measurements 
was obtained from the Transfusion Center of the University Clinic of Mainz 
(Germany) from ten healthy donors after physical examination and after 
obtaining informed consent in accordance with the Declaration of Helsinki. The 
study was approved by the local ethics committee “Landesärztekammer 
Rheinland-Pfalz” (837.439.12 (8540-F)). All plasma batches were pooled and 
stored at -20 °C. 

Atomic Force Microscopy: AFM was measured on Cypher (Asylum Research) or 
Dimension Icon (Bruker) AFMs in non-contact mode at a scan rate of 1 Hz. 
Samples were prepared by drop-casting of a particle solution (β = 50 mg·L-1 in 
water) onto freshly cleaned mica. The sample was dried overnight at room 
temperature. The AFM images were evaluated using Gwyddion 2.49. 

Cryogenic Transmission Electron Microscopy: Cryo-EM images were recorded on 
a Talos L120C transmission electron microscope (Thermo Fisher Scientific) 
operating at 120 kV. The images were recorded at 13’500, 36’000, and 57’000-fold 
magnification. CCPMs (3.5 µL, β = 150 mg·L-1) were applied to freshly glow 
discharged Quantifoil® holey carbon films (R2/1 Cu 200, Quantifoil Micro Tools 
GmbH) and the grids were blotted for 2.5 s in a Vitrobot plunge-freezer (100% 
humidity, FEI Vitrobot Mark III, Thermo Fisher Scientific).  
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Single-Angle Dynamic Light Scattering: DLS measurements were performed on 
ZetaSizer Nano ZS or a Zetasizer Ultra (Malvern Panalytical Ltd.) equipped with 
a He-Ne laser (λ = 632.8 nm). All measurements were performed at 25 °C and a 
detection angle of 173° using disposable polystyrene cuvettes (VWR, Germany). 
Disposable folded capillary cells (Malvern Instruments Ltd.) were employed for ξ-
potential measurements (3 mM sodium chloride). Cumulant size, polydispersity 
index (PDI), and size distribution histograms (intensity weighted) were calculated 
based on the autocorrelation function of the samples, with automated position and 
attenuator adjustments at multiple scans, and optional fluorescence filter.  

Gel Permeation Chromatography: Gel permeation chromatography (GPC) was 
performed on a Jasco GPC setup at a flow rate of 1.0 mL·min-1 at 40°C using HFIP 
equipped with 3 g·L-1 of potassium trifluoroacetate as eluent and toluene as 
internal standard. GPC columns were purchased from PSS Polymer Standards 
Service GmbH (PFG-columns, particle size 7 µm, porosity 100 Å, 300 Å, and 
4000 Å). Poly(methyl methacrylate) standards (PSS Polymer Standards Service 
GmbH) and pSar standards were used for calibration.[1] A UV detector (UV-4070, 
λ = 230 nm,) was used for polymer detection. Analysis was performed using PSS 
WinGPC (PSS Polymer Standards Service GmbH). 

High Performance Liquid Chromatography: HPLC measurements were 
performed on a Beckman Coulter System Gold HPLC (Beckman Coulter, Inc), 
with a 508 autosampler, a 126 solvent module, a 168 detector, and a column oven 
equipped with a Luna C18(2) column (5µm, 100 Å, 250 × 4.6 mm) (Phenomenex 
LTD, Germany), controlled by the 32 Karat software (version 5.0, Beckman 
Coulter, Inc).  

Infrared Spectroscopy: Attenuated total reflectance Fourier transform infrared 
(ATR-FT-IR) spectroscopy was performed on a FT/IR-4100 spectrometer (Jasco 
Corporation) with an ATR sampling accessory (MIRacle, Pike Technologies). 

Multi-Angle Dynamic Light Scattering: For multi-angle DLS, cylindrical quartz 
cuvettes (Hellma, Mühlheim, Germany) were cleaned by dust-free distilled 
acetone and transferred to a dust free flow box. Light scattering measurements 
were performed on ALV spectrometers (ALV-5004 multiple-τ full digital 
correlator with He-Ne laser (632.8 nm) or ALV-CGS-3). The correlation functions 
of the particles were fitted using the sum of two exponentials. The z-average 
diffusion coefficient Dz was calculated by extrapolating Dapp for q = 0. By formal 
application of Stokes law, the inverse z-average hydrodynamic radius is Rh= 
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〈Rh-1〉z-1 was determined. To investigate the aggregation behavior of the particles 
in human plasma, undiluted citrate plasma was filtered through a Millex GS 
0.2 µm filter. The particle solutions were filtered through 0.2 µm pore size Millex 
GS filters. The following mixtures were prepared from initial particle solutions in 
0.9% NaCl (β  = 30  g·L- 1): NaCl/particle solution 40:1 (β = 0.75 g·L- 1), and 
plasma/particle solution 40:1 (β = 0.75 g·L-1). The cuvettes were incubated for 
60 min at 37 °C before measurement at T = 20 °C. Data analysis was performed 
according to a procedure reported by Rausch et al.[2] The correlation functions of 
plasma were fitted with a triexponential decay function, and the particles were 
fitted using a sum of two exponentials. Mixtures were fitted using a sum of both 
exponential decay functions with or without additional aggregate term. 

Nuclear Magnetic Resonance: All NMR spectra were recorded at room 
temperature on Avance II 400, Avance III 400, or Avance III 600 spectrometers 
(Bruker). Calibration of the spectra was achieved using the solvent signals and 
the spectra were analyzed with MestReNova 14.1.2 from Mestrelab Research S.L.  

Polymer Synthesis: All polymers were synthesized by amine-initiated ring-opening 
NCA polymerization in dry DMF under a stream of dry N2. The NCA monomers, 
sarcosine-NCA and S-ethylsulfonyl-L-cysteine-NCA were prepared as reported 
previously.[3,4] 

Polysarcosine: The pSar macroinitiators were prepared following our procedure 
published previously.[5,6] Sarcosine-NCA (10.0 g; 86.9 mmol; 250 eq.) was weighed 
into a pre-dried Schlenk tube and dissolved in dry DMF (50 mL). Next, N-(tert-
butoxycarbonyl)-1,2-diaminoethane (55.7 mg; 348 µmol; 1.0 eq.) was added as a 
stock solution in dry DMF. The reaction mixture was stirred at 10 °C in the 
absence of light until the reaction was completed, as monitored by FT-IR. The 
amine end-group was reacted with perfluorophenyl-4-azidobutanoate (205 mg; 
695 µmol; 2.0 eq.) and DIPEA (296 µL; 1.74 mmol; 5.0 eq.). The reaction mixture 
was stirred overnight followed by addition of acetic anhydride (331 µL; 3.48 mmol; 
10 eq.) and DIPEA (1.18 mL; 6.95 mmol; 20 eq.) to react with residual end-groups. 
The solution was stirred for one day at room temperature before the polymer was 
precipitated in acetone (800 mL), collected on a Buchner funnel, washed with 
acetone and diethyl ether, and dried in vacuo. Next, the Boc-group was removed. 
The polymer (5.50 g) was transferred to a round-bottom flask, dissolved in water 
(75 mL) and cooled to 0 °C. Trifluoro acetic acid (TFA) (75 mL) was added, and 
the solution was stirred at 0 °C for 5 h. Next, the solution was transferred into 
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dialysis bags (MWCO, 3.5 kDa) and dialyzed with water, sodium hydrogen 
carbonate solution, and water. The solution was lyophilized, and pSar (P1) was 
obtained as a colorless powder (4.20 g, 68%). Complete deprotection was 
confirmed by 1H NMR, when the singlet of the Boc-group had vanished (1.37 ppm). 
The chain length was determined by HFIP-GPC relative to pSar standards (Xn = 
200). For pSar with Xn > 250, the sarcosine NCA was added sequentially after 
monomer conversion was verified (120 eq. each). 
1H NMR (400 MHz, DMSO-d6): δ (ppm) 4.49 - 3.77 (m, 2nH, -CH2), 3.06−2.61 (m, 
3nH, -CH3).  

Polysarcosine-block-Poly(S-ethylsulfonyl-L-cysteine): Block copolymers were 
prepared from pSar macroinitiators following the procedure published 
previously.[5,6] The pSar macroinitiator (P1) (2.08 g; 145 µmol; 1.0 eq.) was 
weighed into a Schlenk tube and dried by azeotropic distillation with toluene in 
vacuo. Next, pSar was dissolved in dry DMF (12 mL), cooled to -10 °C, and S-
ethylsulfonyl-L-cysteine NCA (1.73 g; 7.25 mmol; 50 eq.) was added as a stock 
solution in dry DMF. The polymerization was performed at an NCA concentration 
of β = 100 g·L-1 and monitored by FT-IR. After 5 days, no further reaction progress 
was observed (approx. 50%). The polymer was precipitated in THF, and the 
suspension was centrifuged (4500 rpm; 5 min; 4 °C) and decanted. The procedure 
was repeated twice, concluding with diethyl ether. The product was dried in vacuo 
yielding pSar200-b-p(L)Cys(SO2Et)27 (P3) as a colorless solid (2.57 g, 74%). For dye 
labeling, the polymer (P3, 58 mg; 2.91 µmol; 1.0 eq.) was dissolved in 1.5 mL of 
DMSO and Atto647N-N-hydroxysuccinimide (3.69 mg; 4.37 µmol; 1.5 eq.) was 
added from a stock solution in DMSO (β = 10 g·L-1; 369µL), and the solution was 
stirred at room temperature for 48 h. The unconjugated dye was removed by 
repetitive precipitation in THF (4500 rpm, 3 min, 4°C) and the polymer was dried 
in vacuo. Absence of free dye was verified by HFIP-GPC. 1H NMR (400 MHz, 
DMSO-d6): δ (ppm) 8.77 (b s, 1mH, CONH), 4.68 (m, 1mH, α-CH(L-Cys)), 4.49 - 3.78 
(m, 2nH, -CH2(Sar)), 3.55 (m, 4mH, -S-CH2, -SO2-CH2), 3.06 - 2.61 (m, 3nH, -
CH3(Sar)), 1.29 (t, 3mH, -CH3(L-Cys)). 

Cross-Linker Synthesis: 

(R)-Methyl Lipoate: (R)-Methyl lipoate (2) was synthesized according to our 
previous publication, following a modified procedure from Hassan and 
Maltman.[6,7] (R)-Lipoic acid (1) (1.00 g; 4.85 mmol; 1.0 eq.) was dissolved in dry 
methanol (10 mL), and a catalytic amount of sulfuric acid (2.58 µL; 48.5 µmol; 
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0.01 eq.) was added. The reaction mixture was stirred at room temperature for 18 
h in the absence of light. Next, methanol was removed in vacuo and the crude was 
dissolved in dichloromethane (DCM). The organic phase was washed with 
saturated NaHCO3 solution (3x) and brine (3x), dried over MgSO4, filtered, and 
concentrated in vacuo. (R)-Methyl lipoate (2) was obtained as a yellow oil (0.90 g, 
84%) and used without further purification. 1H NMR (400 MHz, CDCl3): δ (ppm) 
3.67 (s, 3H, -OCH3), 3.57 (m, 1H, -S-CH), 3.15 (m, 2H, -S-CH2), 2.47 (m, 1H, -S-
CH2-CH2), 2.33 (t, J = 7.5 Hz, 2H, α-CH2), 1.91 (m, 1H, -S-CH2-CH2), 1.73–1.61 
(m, 4H, β-CH2, δ-CH2), 1.49 (m, 2H, γ-CH2). 
13C NMR (101 MHz, CDCl3): δ (ppm) 174.1, 56.5, 51.7, 40.4, 38.6, 34.8, 34.0, 28.9, 
24.8. 

(R)-Lipoic Acid Hydrazide: (R)-Lipoic acid hydrazide (3) was synthesized 
according to our previous publication, following a modified procedure from 
Koufaki et al.[6,8] (R)-Methyl lipoate (2) (895 mg; 4.04 mmol; 1.0 eq.) was dissolved 
methanol (8 mL), and hydrazine hydrate (1.19 mL; 24.3 mmol; 6.0 equiv) was 
added. The reaction mixture was stirred at room temperature for 72 h shielded 
from light. The solution was concentrated in vacuo and dissolved in ethyl 
ethanoate. The organic layer was washed with brine (5x), dried with MgSO4, 
filtered, and concentrated in vacuo. (R)-Lipoic acid hydrazide (3) was obtained as 
a yellow oil (630 mg, 71%) and used without further purification. 1H NMR (400 
MHz, CDCl3): δ (ppm) 6.71 (b s, 1H, -CONH), 3.56 (m, 1H, -S-CH), 3.15 (m, 2H, -
SCH2), 2.46 (m, 1H, -S-CH2CH2), 2.16 (t, J = 7.3 Hz, 2H, α-CH2), 1.91 (m, 1H, -S-
CH2CH2), 1.77-1.59 (m, 4H, -β-CH2, δ-CH2), 1.55-1.39 (m, 2H, γ-CH2). 13C NMR 
(101 MHz, CDCl3): δ (ppm) 173.7, 56,5, 40.4, 38.6, 34.7, 34.4, 29.0, 25.3. ESI-MS 
(m/z = 243.20): [M + Na]+; [M+Na]+ (calc.), 243.06 g·mol–1. 

Synthesis of PTX-LEV-LA: (R)-Lipoic acid hydrazide (3) (27.8 mg; 126 µmol; 
3.0 eq.) was dissolved in a mixture of absolute MeOH (200 µL) and dry CHCl3 
(200 µL). Next, paclitaxel-levulinic acid (PTX-LEV) (40.0 mg; 42.0 µmol; 1.0 eq.) 
was added and the flask was equipped with three beads of activated molecular 
sieve 3A and the reaction mixture was stirred at room temperature. After full 
conversion of PTX-LEV (3 days), as monitored by TLC, the solvents were removed 
with a stream of dry nitrogen and the crude product was purified by column 
chromatography (dichloromethane + 5 vol.% EtOH) yielding PTX-LEV-LA (4) as 
a yellow solid (36.2 mg; 3.14 µmol; 75%).  

ESI-MS (m/z = 1176.4187 [M+Na]+; [M+Na]+ (calc.) 1176.4168 g·mol-1). 



Chapter 5 | Continuous Flow Production of CCPMs 

 195 

The structure was confirmed by NMR analysis, whereby coexisting rotamers were 
observed by NOESY. 

 
cis-Rotamer (green numbering): 
1H NMR (600 MHz, DMSO-d6): δ (ppm) = 9.98 (s, 1H, 12a), 9.19 (s, 1H, 31), 7.97 
(m, 2H, 65, 69), 7.82 (m, 2H, 34, 38), 7.74 (m, 1H, 67), 7.67 (m, 2H, 66, 68), 7.48 
(m, 7H, 24, 25, 27, 28, 35, 36, 37), 7.17 (m, 1H, 26), 6.27 (s, 1H, 54a), 5.79 (m, 1H, 
40a), 5.45 (t, JHH = 9.1 Hz, 1H, 22a), 5.40 (dd, JHH = 12.8, 7.2 Hz, 1H, 45a), 5.27 
(dd, JHH =8.6, 2.6 Hz, 1H, 21), 4.91 (m, 2H, 48a, 78), 4.62 (s, 1H, 61), 4.09 (m, 1H, 
57a), 4.00 (m, 2H, 50), 3.56 (m, 3H, 5, 46a), 3.12 (m, 2H, 3), 2.62 (m, 2H, 16), 2.55 
(m, 2H, 15), 2.40 (m, 3H, 4’, 9), 2.25 (s, 3H, 80), 2.10 (s, 3H, 81), 1.84 (m, 1H, 4”), 
1.76 (s, 3H, 53), 1.72 (s, 3H, 19), 1.70 - 1.50 (m, 8H, 6, 8, 52, 58), 1.48 (s, 3H, 77), 
1.40 - 1.30 (m, 2H, 7), 1.01 (d, JHH = 4.5 Hz, 1H, 60), 0.99 (d, JHH = 3.7 Hz, 1H, 61); 

trans-Rotamer (blue numbering): 
1H NMR (600 MHz, DMSO-d6): δ (ppm) = 10.29 (d, JHH = 3.2 Hz, 1H, 12a), 9.30 
(dd, JHH = 8.3 Hz, 3.1 Hz, 1H, 31), 7.97 (m, 2H, 65, 69), 7.82 (m, 2H, 34, 38), 7.74 
(m, 1H, 67), 7.67 (m, 2H, 66, 68), 7.48 (m, 7H, 24, 25, 27, 28, 35, 36, 37), 7.17 (m, 
1H, 26), 6.27 (s, 1H, 54a), 5.79 (m, 1H, 40a), 5.56 (t, JHH = 8.6 Hz, 1H, 22a), 5.40 
(dd, JHH = 12.8, 7.2 Hz, 1H, 45a), 5.23 (d, JHH = 10.0, 1H, 21), 4.91 (m, 2H, 48a, 
78), 4.62 (s, 1H, 61), 4.09 (m, 1H, 57a), 4.00 (m, 2H, 50), 3.56 (m, 3H, 5, 46a), 3.12 
(m, 2H, 3), 2.62 (m, 2H, 16), 2.55 (m, 2H, 15), 2.40 (m, 1H, 4’), 2.30 (m, 2H, 9), 2.25 
(s, 3H, 80), 2.10 (s, 3H, 81), 1.84 (m, 4H, 4”, 19), 1.76 (s, 3H, 53), 1.70 - 1.50 (m, 
8H, 6, 8, 52, 58), 1.48 (a, 3H, 77), 1.40 - 1.30 (m, 2H, 7), 1.01 (d, JHH = 4.5 Hz, 1H, 
60), 0.99 (d, JHH = 3.7 Hz, 61). 
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Perfluorophenyl (R)-5-(1,2-dithiolan-3-yl)pentanoate: Perfluorophenyl (R)-5-(1,2-
dithiolan-3-yl)pentanoate (5) was synthesized according to our previous 
publication.[5] (R)-Lipoic acid (1) (4.00 g; 19.4 mmol; 1.0 eq.) was weighed into a 
dry Schlenk flask and dissolved in dry THF (10.0 mL) at room temperature. Next, 
DIPEA (3.96 mL; 23.3 mmol; 1.2 eq.) and pentafluorophenyl trifluoroacetate (4.00 
mL; 23.3 mmol; 1.2 eq.) were added with a counterflow of dry N2 and the reaction 
mixture was stirred for 48 h at room temperature in the absence of light. The 
solvent was concentrated in vacuo and the crude product was purified by column 
chromatography (cyclohexane/ethyl ethanoate; 9/1 to 7/1) yielding 
perfluorophenyl (R)-5-(1,2-dithiolan-3-yl)pentanoate (5) as a yellow oil (6.73 g; 
18.1 mmol; 93%). 1H NMR (300 MHz, CDCl3) δ (ppm) = 3.59 (m, 1H, -SCH), 3.16 
(m, 2H, -S-CH2), 2.69 (t, J = 7.3 Hz, 2H, α-CH2), 2.47 (m, 1H, -S-CH2-CH2), 1.93 
(m, 1H, -S-CH2-CH2), 1.87 - 1.69 (m, 4H, β-CH2, δ-CH2), 1.69 - 1.47 (m, 2H, γ-CH2). 
19F NMR (282 MHz, CDCl3) δ (ppm) = -154.0 (m), -159.2 (t) , -163.5 (m). FD-MS 
(m/z = 372.2847 [M]+; [M]+ (calc.) 372.0272 g·mol-1). 

(R)-5-(1,2-Dithiolan-3-yl)-N-(naphthalen-1-ylmethyl)pentanamide: Perfluoro-
phenyl (R)-5-(1,2-dithiolan-3-yl)pentanoate (5) (1.17 g; 3.14 mmol; 1.0 eq.) was 
weighed in a pre-dried Schlenk-flask, dissolved in absolute DCM (12 mL) and 
cooled to 0 °C. Next, NEt3 (1.32 mL; 9.43 mmol; 3.0 eq.) and naphthalen-1-
ylmethanamine (592 mg; 3.77 mmol; 1.2 eq.) were added, and the reaction mixture 
was allowed to reach room temperature. A colorless solid precipitated after 30 
minutes. After 24 h, the solid was removed by filtration. The filtrate was diluted 
with DCM and washed with 10% NaHCO3 solution (5x) and brine (3x). The 
organic phase was dried with MgSO4, filtered, and concentrated in vacuo. To 
remove pentafluorophenol, the crude yellow oil was placed in a water bath (40 °C) 
and connected to high vacuum for 5 h. The crude product was purified by column 
chromatography (DCM + 2% MeOH) yielding (R)-5-(1,2-dithiolan-3-yl)-N-
(naphthalen-1-ylmethyl)pentanamide (6) as a yellow solid (800 mg; 2.32 mmol; 
74%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 8.00 (m, 1H, -C8, arom.-H), 7.85 (m, 2H, 
-C5, arom.-H, -C4, arom.-H), 7.54 (m, 2H, -C6, arom.-H, C7, arom.-H), 7.44 (m, 2H, -C1, arom.-
H, -C2, arom.-H), 5.69 (m, 1H, -NH), 4.91 (d, J = 5.3 Hz, 2H, -NH-CH2), 3.52 (m, 1H, 
-S-CH), 3.13 (m, 2H, -S-CH2), 2.42 (m, 1H, -S-CH2-CH2), 2.20 (t, J = 7.3 Hz, 2H, α-
CH2), 1.86 (m, 1H, -S-CH2-CH2), 1.80 - 1.60 (m, 4H, β-CH2, δ- CH2), 1.55 - 1.34 (m, 
2H, γ-CH2). ESI-MS (m/z = 346.1221 [M+H]+; M+ (calc.) 345.1294 g·mol-1). 

CCPMs by Self-Assembly: The preparation of core cross-linked polymeric micelles 
(CCPMs) was adapted from our previous publications and modified by the use of 
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DMSO.[5,6] The polypept(o)ide, pSar200-b-p(L)Cys(SO2Et)17 (P1), was dissolved in 
DMSO equipped with 1 M thiourea at a concentration of 7.5 g·L-1. After 1 h, 
20 vol.% 1 mm acetate buffer (pH 4.75) equipped with 10 mm thiourea was added, 
and the solution was left to equilibrate at room temperature for 3 h, followed by 
dialysis against 1 mm acetate buffer (pH 4.75) containing 10 mM thiourea. The 
solution was filtered (PVDF 450) and concentrated to approx. 7 g·L-1 by spin 
filtration (Amicon Ultra; MWCO, 3 kDa), yielding the micelle solution. For cross-
linking, (R)-lipoic acid hydrazide (3) was dissolved in ethanol at a concentration 
of β = 20 g·L-1 in a separate flask, and one equivalent of tris(2-
carboxyethyl)phosphine hydrochloride (TCEP·HCl) (β = 50 g·L-1 in water) was 
added. After reaction overnight, the cross-linker solution was added to the micelle 
solution at equimolar amounts of thiols per cysteines. The reaction mixture was 
stirred at room temperature for at least 48 h. To remove thiourea, residual cross-
linker and unconjugated polymer, the solution was dialyzed against DMSO and 
water mixtures (1/1 and 100% water) (MWCO, 6−8 kDa) followed by spin 
filtration (Amicon Ultra; MWCO, 100 kDa). The absence of the free polymer was 
verified by HFIP-GPC. 

CCPMs by Continuous Flow Process: CCPMs were created in a three-step process, 
consisting of 1) the self-assembly of polymeric micelles, 2) the cross-linking of 
polymeric micelles and 3) the purification and concentration of the product 
solution. The first two steps were prepared by fluidic mixing over a SIMM V2 
micromixer produced by Fraunhofer IMM. In preparation of the reaction, two 
reaction fluids were prepared. For the polymer solution, 450 mg of the 
polypept(o)ide, pSar200-b-p(L)Cys(SO2Et)17 were dissolved in 60 mL of DMSO, 
leading to a clear solution after 30 min. To this solution, 18 mL of water were 
added, and the mixture was left to equilibrate for another 30 min. The total 
concentration of the polypept(o)ide was thus 5.7 g·L-1. For the cross-linker 
solution, 49,5 mg of (R)-lipoic acid hydrazide was dissolved in 40 mL of ethanol 
and 20 mL water. To this solution, one equivalent of tris(2-
carboxyethyl)phosphine hydrochloride (TCEP·HCl) in 18 mL water was added 
and left to react for 2 h, leading to a clear solution. The concentrations of polymer 
and cross-linker in their respective solutions were prepared to ensure full 
conversion of the polymer when applying an equal volume of cross-linker solution. 
For the micelle preparation, the polymer solution was combined with water over 
a micromixer. Generally, the delivery of the reagent solutions was done by HPLC 
pumps with subsequent backpressure valves. All pumps were under regular 
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inspection to ensure reproducible flowrates. The total flowrate was kept at 
10 mL·min-1, the individual flowrates were adjusted to achieve a 1/10 or 1/5 
dilution. The first 10 mL of the produced micelle solution were recovered before 
the process stream was switched into the second stage. Here, a volume stream of 
cross-linker solution equivalent to the polymer solution stream was added. No 
intermediate clean-up was performed. The product solution was then forwarded 
to a tangential flow filtration system for downstream processing. 

Downstream processing via TFF: Before entering the membrane system, the 
product stream was diluted by an additional stream of 30 mL·min-1 of deionized 
water. The combined stream was fed over a regenerated cellulose membrane with 
an average porosity of 30 kDa. With an outlet stream of 3 mL·min-1 on retentate 
side and 37 mL·min-1 on permeate side. After completing the reaction, the TFF 
membrane was flushed with 15 mL of deionized water with closed permeate line 
to recover the remaining particles between the membranes. In total the unreacted 
polymer as well as crosslinker and organic solvents in the product stream were 
reduced by >90 % and the concentration of CCPMs was increased 3-fold. For 
higher purification, a discontinuous procedure was added. In this approach, the 
product solution was diluted with an aliquot of water and then fed through the 
TFF system maintaining a permeate-to-retentate ratio of 3 to 1. The recovered 
retentate was re-fed to the original solution while the permeate was continuously 
removed until the total volume of raw product is reduced to one tenth of its 
original volume. After this step, the solution was diluted with additional water; 
the cycle was then repeated until HFIP-GPC didn’t show any leftover unreacted 
polymer. 

PTX Conjugation in DMSO: CCPMs (3.05 mg; 0.15 µmol copolymer; 2.23 µmol 
hydrazide-CL; 1.0 eq.) were weighed into an Eppendorf tube, dissolved in dry 
DMSO (500 µL), and PTX-LEV (0.64 mg; 0.67 µmol; 0.3 eq. per hydrazide-CL) was 
added from a stock solution in dry DMSO. The reaction mixture was placed on a 
benchtop shaker at 50°C for 7 days. The reaction mixture was transferred to a 
dialysis bag (3.5 kDa, MWCO) and dialyzed against water. The white precipitate 
was separated by centrifugation (4500 rpm, 5 min, 20 °C) and the supernatant 
was collected, filtered (PVDF; 220 nm), and lyophilized. The particles were 
weighed (2.68 mg; 73% yield) and reconstituted in sterile water at a concentration 
of 30 g·L-1. 
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PTX Conjugation by Film-Hydration: CCPMs (10.0 mg; 0.49 µmol copolymer; 7.30 
µmol hydrazide-CL; 1.0 eq.) were placed into a 50 mL round bottom flask and 
PTX-LEV (2.0 mg; 2.19 µmol; 0.3 eq. per hydrazide-CL) was added from a stock 
solution in EtOH. The reaction mixture was placed in a water bath for 1 h (50 °C) 
before the solvent was removed in vacuo. The particles were re-suspended with 
water (3 mL) and ethanol (7 mL) and dried in vacuo once more. Subsequently, the 
particles were reconstituted in water at a concentration of 1 g·L-1, the white 
precipitate was separated by centrifugation (4500 rpm, 5 min, 20 °C) and the 
supernatant was collected, filtered (PVDF; 220 nm), and lyophilized. The particles 
were weighed (9,35 mg; 78% yield) and reconstituted in sterile water at a 
concentration of 30 g·L-1. 

PTX Quantification and Release: The PTX content was determined by RP-HPLC 
using an external calibration (PTX-LEV; 8.450 min; UV-detector, λ = 230 nm) 
with gradient mixtures of water (+ 0.1 vol.% TFA) and acetonitrile (ACN) as 
mobile phase at a flow rate of 1 mL·min--1: 60% ACN for 1 min, increase to 85% 
ACN over 8 minutes, hold at 85% for 5 min, decrease to 60% ACN in 1 min. 
PTX@CCPM solutions were analyzed in buffer (βCCPM = 1 g·L-1) containing 20 mm 
NH4OAc, 134 mM NaCl, and 1.0 vol.% Tween 80 (pH 5.0). Samples (50 µL) were 
diluted with ACN (550 µL) and filtered (PTFE, 220 nm) before analysis. To 
determine the amount of non-conjugated drug, samples were taken immediately 
after mixing. For total drug content, the solution was additionally equipped with 
10 mM TCEP, and the sample was taken after incubation for 24 h. For release 
studies, PTX@CCPMs were incubated in buffer at pH 5.0 (20 mM NH4OAc, 
134 mM NaCl, 1.0 vol.% Tween 80) or pH 7.4 (PBS, 1.0 vol.% Tween 80). Aliquots 
were taken at: 1 min, 0.5 h, 1.5 h, 3 h, 7 h, 17 h, 24 h, and 48 h. The PTX release 
was calculated based on the total PTX content, and data were taken from 3 
independent experiments. 

Cell Culture: HeLa cells (CCL-2) and B16F1 cells were cultured in their respective 
medium (DMEM/PenStrep/Glutamine) at 37 °C and 5 % CO2 and were handled 
under sterile working conditions. They were subcultured every 3 days. To 
determine the viable cell count, cells were counted using a Casy TTC Cell (OLS). 
Cells were seeded in 96well plates at a density of 6,000 cells/well and treated for 
the indicated time spans 24 h post-seeding. For IC50 evaluations, cells were 
treated for 48 h. Viability was assayed 48 h after start of treatment using 
CellTiter-Glo® 2.0 Viability Assay according to the manufacturer’s instructions. 
Luminescence readings were performed on a Tecan Spark® (Tecan) and signal 
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intensities normalized to untreated control samples incubated under the same 
conditions. Further analysis and plotting was performed on GraphPad PRISM. 

In Vivo Experiments in Zebrafish Larvae: 

Zebrafish Handling and Care: Zebrafish embryos were maintained in petri dishes 
containing zebrafish egg water supplemented with 0.003% phenythiourea (PTU). 
The petri dishes were kept in an incubator at a stable temperature of 28.5 °C. A 
maximum of 20 zebrafish embryos were placed in each dish which contained no 
less than 20 mL of egg water. All experiments were performed in accordance with 
the ethical standards and legislation for animal research in Norway (License 
FOTS-ID: 13563). 

Circulation Time Analysis in Zebrafish: To evaluate the stability of CCPMs in the 
blood circulation of zebrafish the protocol described in Dal et al. was used.[9] 
Briefly, a pipette puller (P-97, Sutter Instrument) was used to produce 
borosilicate needles for injections. The needle was mounted on a 
micromanipulator (Narishige MN-153) connected to an Eppendorf FemtoJet 
express pump. Before injections, zebrafish were sedated in a tricaine bath 
(Finquel; 0.02% in zebrafish egg water) and placed on a plate containing hardened 
agarose gel (2% in water). Two-day old zebrafish embryos were injected in the 
posterior cardinal vein with 5 nL of CCPM solution. At defined times (5 min, 1 h, 
4 h, and 24 h) an image of the whole zebrafish (30X magnification) and of the 
caudal region (120X magnification) was acquired using a Leica DFC365FX stereo 
microscope with a 1.0X plan apo lens. 

The average fluorescence of the artery (AF, 30X), normalized by the average total 
fluorescence of the zebrafish (TF, 120X), was used to determine the nanoparticle 
circulation in the blood flow. The average artery fluorescence at 5 minutes (AF-
5min) was considered as 100% meaning that all nanoparticles were considered in 
circulation at this time point. The values obtained were subtracted by the 
background fluorescence analyzed in zebrafish injected with PBS. The final 
analysis was therefore performed as follows:  

CCPM circulation, %	=
012"345	6
712"345	69MNOPQRSTUV
0128	439
7128	4399MNOPQRSTUV

∗ 100% 

CCPM Accumulation in Zebrafish: Mouse melanoma B16 cells expressing RFP 
(pGIPZ-RFP lentiviral vector) were used. The cells were grown at 37°C in RPMI-
1640 medium (Lonza, Switzerland) with 10% FBS (Saveen & Werner, Norway) 



Chapter 5 | Continuous Flow Production of CCPMs 

 201 

puromycin (2 µg/mL, Sigma-Aldrich, USA). Cancer cells were detached using 
Versene (Life Technologies, USA) and centrifuged at 400 relative centrifugal force 
to obtain a cell pellet that was used to load borosilicate needles for subsequent 
zebrafish injections. Three-day old zebrafish embryos were xenotransplanted in 
the neural tube with approx. 200 B16F1 cells. After this, zebrafish embryos were 
kept in petri dishes in an incubator at 32 °C. After 5 days, treatment 
(PTX@CCPMs, ABX) or control (CCPMs, PBS) were injected in the posterior 
cardinal vein. To determine the nanoparticle accumulation in the tumor region, 
and an image of the zebrafish was taken after 8 hours at 30X using a Leica 
DFC365FX stereomicroscope with a 1.0X plan apo lens, and images were analyzed 
using the software Fiji.  

Toxicity Analysis in Zebrafish: Zebrafish embryos were injected in the posterior 
cardinal vein at day 3 post fertilization with varying amounts of PTX@CCPMs or 
ABX. CCPMs and PBS were used as controls. The survival of zebrafish embryos 
in each treatment group was analyzed up to day 5 post injection.  

Tumor Therapy in Zebrafish: Three-day old zebrafish embryos were injected in 
the neural tube with approx. 200 mouse melanoma B16F1 cells expressing RFP. 
After 24 h, the zebrafish embryos were divided into four groups each receiving 
one of the following treatments by injection in the posterior cardinal vein: 1. 
Abraxane, 5 ng of PTX; 2. PTX@CCPM, 10 ng of PTX; 3. CCPMs (control); 4. PBS 
(control). Six days later, images were recorded for each zebrafish (30X 
magnification) using a Leica DFC365FX stereomicroscope with a 1.0X plan apo 
lens, and images were analyzed using Fiji. 

Data Management and Statistical Analysis: Data sets were managed using 
Microsoft Excel (Microsoft Corporation, USA), Graph Pad Prism (GraphPad 
Software, USA), and MagicPlot Student 2.9.3. For statistical analysis, differences 
between individual were evaluated by two-way ANOVA, and were considered 
significant for p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
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Results and Discussion 

Polymer Synthesis 

 

Scheme S1. Scheme of the polypept(o)ide synthesis by ring-opening NCA polymerization 
according to Klinker et al. and Bauer et al.[5,6] 

 

Figure S1. Analytical HFIP-GPC of polypept(o)ides. Note that secondary structure 
formation (anti-parallel β-sheet) is not suppressed in HFIP accounting for the broad PDI 
of copolymers with increasing chain length of p(L)Cys(SO2Et).[10,11]  

Table S1. Characterization of core cross-linked polymeric micelles with and without 
embedded iron oxide nanoparticles. 

polymer Xn pSara Xn pCys(SO2Et)b Mnc yield Ðc  

P1 200 - 36.6 kg·mol-1 4.20 g 1.17 

P2 360 - 38.3 kg·mol-1 0.55 g 1.23 
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P3 200 17 40.6 kg·mol-1 2.30 g 1.19 

P4 200 27 40.3 kg·mol-1 2.57 g 4.65 

P5  360 60 45.1 kg·mol-1 0.53 g 8.52 

a HFIP-GPC relative to pSar standards. b determined by 1H NMR. c HFIP-GPC relative to 
PMMA standards; note that secondary structure formation of p(L)Cys(SO2Et) is not 
suppressed, which induces aggregation accounting for multimodal GPC elugrams and 
broad dispersities. 

Cross-Linker Synthesis 

 

Scheme S2. Chemical reaction pathway to (R)-lipoic acid hydrazide (3) starting from (R)-
lipoic acid (1), according to Bauer et al.[6] 

 

Scheme S3. Chemical reaction pathway to functional cross-linker PTX-LEV-LA (4).  
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Scheme S4. Chemical reaction pathway to (R)-5-(1,2-dithiolan-3-yl)-N-(naphthalen-1-
ylmethyl)pentanamide (6) via perfluorophenyl (R)-5-(1,2-dithiolan-3-yl)pentanoate (5). 
The procedure was adapted and modified from Klinker et al.[5]  

Core Cross-Linked Polymeric Micelles 

Particle Synthesis by Micromixer 

 

Figure S2. DLS analysis of polymeric micelles by micromixer: influence of the micromixer. 
Polymeric micelles could be successfully generated from slit interdigital micromixers 
(SIMM) and caterpillar micromixers (CAT) at asymmetric flow rates of 1 to 9 and optimal 
overall flow rates of 10 mL·min-1. Lower overall flow rates lead to polydisperse samples, 
and pulsation effects are observed beyond 20 mL·min-1. Despite only minor differences 
were detected for CAT and SIMM at entirely optimized conditions in DLS, SIMM offered 
easier handling and reduced tendency to form aggregates. The SIMM was therefore chosen 
in the following for self-assembly and cross-linking.  
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Figure S3. DLS analysis of polymeric micelles by micromixer: influence of the solvent. (A) 
Micelles formed via micromixer from P3 using DMAc or DMSO. DMSO leads to more 
uniform particles due to the better solubility of the copolymer. (B) Aggregation curve of P2 
and P3 in DMSO or DMAc. The aggregation in DMSO starts at higher buffer content, 
indicating better solubility of the copolymer. (C) Aggregation curve of P2, P3 and P4 in 
DMSO. Higher pCys(SO2Et) fractions lead to earlier aggregation.[6]  
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Figure S4. DLS analysis of CCPMs by micromixer: influence of the chain length. CCPM 
size increases for increasing block lengths of pSarn-b-pCys(SO2Et)m with n = 200 or 360 
and m = 17, 30, and 60 (P2, P3, P4). 

 

Figure S5. HFIP-GPC analysis: Determining the limit of detection. Contaminations as 
low as 0.5% copolymer can be detected. 
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Figure S6. Multi-angle DLS analysis of micromixer CCPMs after purification by cross-
flow filtration. A hydrodynamic diameter of 27.8 nm was derived from the bi-exponential 
fit of the autocorrelation curve, whereby only a slight angle-dependency could be detected 
for measurements at 26°, 58°, 90°, and 122°. 

 

Figure S7. CryoTEM images of CCPMs produced by micromixer (1-8-1; W3).  
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Figure S8. Additional AFM images of CCPMs produced by micromixer (1-8-1; W3).  

 

Figure S9. Particle size of micromixer-CCPMs (1-8-1; W3) as determined by CryoTEM 
and AFM image analysis. 

 

Figure S10. DLS analysis of CCPMs by micromixer: influence of the cross-linker. (A) 
Micelle cross-linking with the hydrophobic cross-linker (R)-5-(1,2-dithiolan-3-yl)-N-
(naphthalen-1-ylmethyl)pentanamide (6) leads to aggregate formation (turbid solutions, 
multimodal size distribution in DLS) irrespective of the cross-linking flow rates. (B) Micelle 
cross-linking with the functional (R)-lipoic acid hydrazide (3) leads to CCPMs with 
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monomodal distribution and narrow PDI and is not affected by the applied volume flow 
ratios.  

Cross-Linking by Pro-Drug Drug Cross-Linker (PTX-LEV-LA) 

Applying the functional pro-drug cross-linker PTX-LEV-LA (4) leads to turbid 
particle solutions, whereby the particle structure cannot be preserved. Moreover, 
only low drug contents of 0.9 wt.% can be determined (encapsulation efficiency 
< 1%), which are not sufficient for stabilization by core cross-linking. 
Furthermore, low reaction yields do not justify the synthetic effort. 

 

Figure S11. Dynamic light scattering of micelles before and after cross-linking with PTX-
LEV-LA (4). 
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PTX-LEV Conjugation 

 

Figure S12. 1H NMR analysis of the PTX-LEV conjugation to lipoic acid hydrazide-
functionalized CCPMs in DMSO-d6. (A) CCPMs + PTX-LEV at t = 0 h. (B) CCPMs + PTX-
LEV at t = 7 days. Significant peaks at 10.3/9.95ppm and 1.84 ppm account for hydrazone-
bond formation: Green box: C=O-NH-N=CR’(CH3); Blue box: -N=CR’(CH3). 

 

Figure S13. Multi angle DLS of PTX@CCPMs in undiluted human plasma: 
Autocorrelation function g1(t) given for the measurement angles of 30°, 60°, and 90°. The 
fits with (blue line) and without (red line) aggregation term (upper graph), and derived 
residuals for the fit w/o aggregate and correlation function indicate no significant 
aggregation (lower graph). 
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Cell Culture 

 

Figure S14. Analysis of PTX@CCPMs, Abraxane, and free PTX in HeLa cells. IC50 values 
were calculated for 100 µM as maximal inhibition show comparable performance of the 
three paclitaxel formulations. 

 

Figure S15. Analysis of PTX@CCPMs, Abraxane, and free PTX in B16F1 cells. (A) IC50 
values were calculated for 400 µM as maximal inhibition. (B) Time-dependent toxicity of 
PTX formulations at 100 µM.   
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In vivo experiments 

 

Figure S16. Tumor accumulation of PTX@CCPMs at 8 h post nanoparticle 
administration. Accumulation values based on nanoparticle fluorescence at t = 5 min 
(100% in circulation). According to Figure S17, more than 40% are expected to be still in 
circulation. 

 

Figure S17. Circulation time analysis of PTX@CCPMs and CCPMs in zebrafish embryo.   
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Appendix 

NMR Spectroscopy 

Cross-Linker Syntheses 

 

Figure S18. 1H NMR Analysis of (R)-methyl liponamide (2) in CDCl3. 

 

Figure S19. 1H NMR Analysis of (R)-lipoic acid hydrazide (3) in CDCl3.  
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Figure S20. 1H NMR analysis of PTX-LEV-LA (4) in DMSO-d6. 

Assignment for PTX-LEV-LA: 
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Figure S21. 13C NMR analysis of PTX-LEV-LA (4) in DMSO-d6. 

 

Figure S22. 1H,13C HMBC analysis of PTX-LEV-LA (4) in DMSO-d6. 
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Figure S23. 1H, 13C HSQC analysis of PTX-LEV-LA (4) in DMSO-d6. 

 

Figure S24. 1H NOESY analysis of PTX-LEV-LA (4) DMSO-d6. The green box indicates 
different coupling between cis- and trans-rotamers of PTX-LEV-LA (4). 
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Figure S25. 1H NMR Analysis of perfluorophenyl (R)-5-(1,2-dithiolan-3-yl)pentanoate (5) 
in CDCl3. 

 

Figure S26. 1H NMR Analysis of (R)-5-(1,2-dithiolan-3-yl)-N-(naphthalen-1-
ylmethyl)pentanamide (6) in CDCl3. 
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Polypept(o)ides 

 

Figure S27. 1H NMR Analysis of pSar200-b-p(L)Cys(SO2Et)17 in DMSO-d6. 

 

Figure S28. DOSY NMR Analysis of pSar200-b-p(L)Cys(SO2Et)17 in DMSO-d6. 
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Figure S29. 1H NMR Analysis of pSar200-b-p(L)Cys(SO2Et)27 in DMSO-d6. 

 

Figure S30. DOSY NMR Analysis of pSar200-b-p(L)Cys(SO2Et)27 in DMSO-d6. 
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Figure S31. 1H NMR Analysis of pSar360-b-p(L)Cys(SO2Et)60 in DMSO-d6. 

 

Figure S32. DOSY NMR Analysis of pSar360-b-p(L)Cys(SO2Et)60 in DMSO-d 
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