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ABSTRACT: Polypeptide nanoparticles were obtained by the miniemulsion polymerization of S-(o-nitrobenzyl)-L-cysteine (NBC) N-carboxyanhydride (NCA). Through process optimization, reaction conditions were identified that allowed the polymerization of the water sensitive NCA to yield nanoparticles of about 220 nm size. Subsequent UV-irradiation of the nanoparticle emulsions caused the in situ removal of the nitrobenzyl group and particle crosslinking through disulfide bond formation accompanied by the shrinkage of the particles.
Biodegradable nanoparticles play a central role as viable carriers for active compounds in pharmaceutical as well as in personal care products.[endnoteRef:1]-[endnoteRef:2][endnoteRef:3][endnoteRef:4] Enhanced biocompatibility, superior cargo encapsulation, and convenient release profiles are the key properties sought after in these applications. Most widely used in pharmaceutical delivery are polymeric nanoparticles based on synthetic aliphatic (co)polyesters such as poly(caprolactone) (PCL) and the poly(glycolic acid)/poly(lactic acid) family (PLGA).[endnoteRef:5]-[endnoteRef:6][endnoteRef:7][endnoteRef:8] These nanoparticles are typically prepared by the dispersion of preformed polymers followed by solvent evaporation, solvent displacement, nanoprecipitation or salting out.[endnoteRef:9]-[endnoteRef:10][endnoteRef:11] While nanoparticle from aliphatic polyesters have demonstrated suitable biocompatibility, tunable degradation profiles as well as the ability to encapsulate and release active ingredients, they are hydrophobic and lack functional groups. The latter is desirable to allow for covalent attachment of active therapeutic, to facilitate the attachment of active/targeting biomolecules such as proteins, glycans or antibodies or to accommodate encapsulation of hydrophilic drugs.[endnoteRef:12]-[endnoteRef:13][endnoteRef:14][endnoteRef:15]  [1:  Prow TW, Grice JE, Lin LL, Faye R, Butler M, Becker W, Wurm EM, Yoong C, Robertson TA, Soyer HP, Roberts MS. Nanoparticles and microparticles for skin drug delivery. Adv. Drug Deliv. Rev. 2011, 63, 470.]  [2:  Mahapatro, A.; Singh, D. K. J. Biodegradable nanoparticles are excellent vehicle for site directed in-vivo delivery of drugs and vaccines. J. Nanobiotechnology  2011, 9, 55. ]  [3:  Lai, P.; Daear, W.; Lobenberg, R.; Prenner, E. J. Overview of the preparation of organic polymeric nanoparticles for drug delivery based on gelatine, chitosan, poly(d,l-lactide-co-glycolic acid) and polyalkylcyanoacrylate. Colloid Surface B 2014, 118, 154.]  [4:  Panyam, J.; Labhasetwar, V. Biodegradable nanoparticles for drug and gene delivery to cells and tissue. Adv. Drug Deliv. Rev. 2003, 55, 329.]  [5:  Bala, I.; Hariharan, S.; Kumar. R. PLGA nanoparticles in drug delivery: the state of the art. Crit. Rev. Ther. Drug 2004, 21, 387.]  [6:  Danhier, F.; Ansorena, E.; Silva, J. M.; Coco, R.; Le Breton, A.; Preat, V. PLGA-based nanoparticles: an overview of biomedical applications. J. Control. Release 2012, 161, 505.]  [7:  Fornaguera, C.; Dols-Perez, A.; Caldero, G.; Garcia-Celma, M. J.; Camarasa, J.; Solans, C. PLGA nanoparticles prepared by nano-emulsion templating using low-energy methods as efficient nanocarriers for drug delivery across the blood-brain barrier. J. Control. Release 2015, 211, 134.]  [8:  Danhier, F.; Ansorena, E.; Silva, J. M.; Coco, R.; Le Breton, A.; Préat, V. PLGA-based nanoparticles: An overview of biomedical applications. J. Control. Release 2012, 161, 505.]  [9:  Vrignaud, S.; Benoit, J.-P.; Saulnier, P. Strategies for the nanoencapsulation of hydrophilic molecules in polymer-based nanoparticles. Biomaterials 2011, 32, 8593.]  [10:  Pinto Reis, C.; Neufeld, R. J.; Ribeiro, A. n. J.; Veiga, F. Nanoencapsulation I. Methods for preparation of drug-loaded polymeric nanoparticles. Nanomed.-Nanotechnol. 2006, 2, 8.]  [11:  Kumari, A.; Yadav, S. K.; Yadav, S. C. Biodegradable polymeric nanoparticles based drug delivery systems. Colloid Surface. B 2010, 75, 1.]  [12:  Elsabahy, M.; Wooley, K. L. Design of polymeric nanoparticles for biomedical delivery applications. Chem. Soc. Rev. 2012, 41, 2545.]  [13:  Kamaly, N.; Xiao, Z.; Valencia, P. M.; Radovic-Moreno, A. F.; Farokhzad, O. C. Targeted polymeric therapeutic nanoparticles: design, development and clinical translation. Chem. Soc. Rev. 2012, 41, 2971.]  [14:  Rösler, A.; Vandermeulen, G. W. M.; Klok, H.-A. Advanced drug delivery devices via self-assembly of amphiphilic block copolymers. Adv. Drug Deliver. Rev. 2012, 64, 270.]  [15:  Duncan, R.; Vicent, M. J. Polymer therapeutics-prospects for 21st century: the end of the beginning. Adv. Drug Deliver. Rev. 2013, 65, 60.] 

[bookmark: _Ref9341607][bookmark: OLE_LINK1]As alternative materials in therapeutic delivery, researchers have promoted poly(amino acids) (synthetic polypeptides) obtained from the ring-opening polymerization (ROP) of N-carboxyanhydrides (NCA).[endnoteRef:16]-[endnoteRef:17][endnoteRef:18][endnoteRef:19][endnoteRef:20] Studies have demonstrated that polypeptides are versatile materials for the delivery of small molecules in addition to genetic therapeutics. For example, star shaped poly(L-Lysine) with improved siRNA and pDNA loading and enhanced cargo protection and transfection characteristics have been reported,[endnoteRef:21]-[endnoteRef:22][endnoteRef:23][endnoteRef:24] as well as polymer therapeutics based on drug conjugated polypeptides.[endnoteRef:25],[endnoteRef:26] The functionalities of the amino acid building blocks (e.g. amines and carboxylic acid moieties) allow for facile chemical modification and bioconjugation of the polypeptides.[endnoteRef:27],[endnoteRef:28] Thus, synthetic polypeptides are emerging as perfect candidates in bio-inspired therapeutic platforms and hold high potential as next generation biocompatible and biodegradable nanoparticles. However, this potential cannot be fully exploited as to date no suitable and scalable processing methodology for the production of solid polypeptide nanoparticles is available.  [16:  Hadjichristidis, N.; Iatrou, H.; Pitsikalis, M.; Sakellariou, G. Synthesis of Well-Defined Polypeptide-Based Materials via the Ring-Opening Polymerization of α-Amino Acid N-Carboxyanhydrides. Chem. Rev. 2009, 109, 5528.]  [17:  Cabral, H.; Miyata, K.; Osada, K. Kataoka, L. Block Copolymer Micelles in Nanomedicine Applications. Chem. Rev. 2018, 118, 6844.]  [18:  Hehir, S.; Cameron, N. R. Recent advances in drug delivery systems based on polypeptides prepared from N‐carboxyanhydrides. Polym. Int. 2014, 63, 943.]  [19:  Liu, D.-L.; Chang, X.; Dong, C.-M. Reduction- and thermo-sensitive star polypeptide micelles and hydrogels for on-demand drug delivery. Chem. Commun. 2013, 49, 1229.]  [20:  Byrne, M.; Murphy, R.; Kapetanakis, A.; Ramsey, J.; Cryan, S.-A.; Heise A. Star-Shaped Polypeptides: Synthesis and Opportunities for Delivery of Therapeutics. Macromol. Rapid Commun. 2015, 36, 1862.]  [21:  Walsh, D. P.; Murphy, R. D.; Panarella, A.; Raftery, R. M.; Cavanagh,
 B.; Simpson, J. C.; O’Brien, F. J.; Heise, A.; Cryan, S.-A. Bioinspired Star-Shaped Poly(L‑lysine) Polypeptides: Eﬃcient Polymeric Nanocarriers for the Delivery of DNA to Mesenchymal Stem Cells. Mol. Pharmaceutics 2018, 15, 1878.]  [22:  Guo, Z.; Tian, H.; Lin, L.; Chen, J.; He, C.; Tang, Z.; Chen, X. Hydrophobic polyalanine modified hyperbranched polyethylenimine as high efficient pDNA and siRNA carrier. Macromol. Biosci. 2014, 14, 1406.]  [23:  Walsh, D. P.; Raftery, R. M.; Castaño, I. M.; Murphy, R.; Cavanagh, B.; Heise, A.; O'Brien, F. J.; Cryan, S. A. Transfection of autologous host cells in vivo using gene activated collagen scaffolds incorporating star-polypeptides. J. Control. Release 2019, 304, 191.]  [24:  Fu, C.; Lin, L.; Shi, H.; Zheng, D.; Wang, W.; Gao, S.; Zhao, Y.; Tian, H.; Zhu, X.; Chen, X. Hydrophobic poly(amino acid) modified PEI mediated delivery of rev-casp-3 for cancer therapy. Biomaterials 2012, 33, 4589.]  [25:  Arroyo-Crespo, J. J.; Armiñán, A.; Charbonnier, D.; Balzano-Nogueira, L.; Huertas-López, F.; Martí, C.; Tarazona, S.; Forteza, J.; Conesa, A.; Vicent, M. J. Tumor microenvironment-targeted poly-L-glutamic acid-based combination conjugate for enhanced triple negative breast cancer treatment. Biomaterials 2018, 186, 8.]  [26:  Zagorodko, O.; Arroyo-Crespo, J. J.; Nebot, V. J.; Vicent, M. J. Polypeptide-Based Conjugates as Therapeutics: Opportunities and Challenges. Macromol. Biosci. 2017, 17, 1600316.]  [27:  Bonduelle, C.; Lecommandoux, S. Synthetic glycopolypeptides as biomimetic analogues of natural glycoproteins. Biomacromolecules  2013, 14, 2973.]  [28:  Deming, T. J. Synthesis of Side-Chain Modified Polypeptides. Chem. Rev. 2016, 116, 786.] 

Scheme 1. Miniemulsion polymerization of NBC NCA and subsequent UV-crosslinking.
[image: ]
One of the most versatile, rapid and scalable methodologies to form nanoparticles is emulsion polymerization carried out in water using only the monomer, initiator and surfactant molecules.[endnoteRef:29]-[endnoteRef:30][endnoteRef:31] This technology is widely used in industry on multi-ton scale for the production of polymer latexes by radical polymerization. Adapting this methodology, we propose the preparation of polypeptide-based nanoparticles via an emulsion polymerization approach with amino acid NCAs monomers. There are inherent difficulties associated with this approach due to the instability of NCAs in the presence of moisture, which leads to a rapid hydrolysis of the NCA monomer. Notably, only very few examples of water-sensitive ROP in emulsions have been disclosed to date.[endnoteRef:32] Herein, we report for the first time that by tailoring the emulsification conditions the NCA ROP via emulsion polymerization is indeed possible and permits the synthesis of fully amino acid-based nanoparticles. In this work, the synthetic feasibility of the protocol was thoroughly investigated by optimizing the reaction conditions as well as the composition of the formulations. The nanoparticles produced were fully analyzed by DLS, SEM, FTIR, AFM, cryo-TEM, and 1H NMR spectroscopy. This work opens up exciting new possibilities for the design of biocompatible nano carriers. [29:  Asua, J. M. Emulsion polymerization: From fundamental mechanisms to process developments. J. Polym. Sci. A; Polym. Chem. 2004, 42, 1025.]  [30:  Rao, J. P.; Geckeler, K. E. Polymer nanoparticles: Preparation techniques and size-control parameters. Prog. Polym. Sci. 2011, 36, 887.]  [31:  van Herk, A.; Heuts, H. Emulsion Polymerization in Encycl. Polym. Sci. Technol., Wiley, 2009.]  [32:  Dorresteijn, R.; Haschick, R.; Klapper, M.; Müllen, M. Poly(L‐lactide) Nanoparticles via Ring‐Opening Polymerization in Non‐aqueous Emulsion. Macromol. Chem. Phys. 2012, 213, 1996.] 

[bookmark: _Ref10728501][bookmark: _Ref11136892]The UV responsive S-(o-nitrobenzyl)-L-cysteine (NBC) NCA 1 was selected as the monomer for the nanoparticle synthesis, allowing for post polymerization crosslinking of the particles. This was thought to increase particle stability against organic solvents, for example for soak loading with therapeutic drugs, and reductive release in the future expansion of the chemistry. NBC NCA was synthesized according to a modified version of a previously reported procedure.[endnoteRef:33] Another critical component in an emulsion process is the surfactant, which has to have good compatibility with both the aqueous and the organic phases in order to efficiently stabilize the oil-in-water emulsion. As there was no precedence in the literature for an NCA type emulsion, we decided to trial a glycosylated block copolypeptide 1 (Scheme 1) comprising a poly(L-phenylalanine) block and a poly(L-lysine) block partially glycosylated with lactobionic acid as an amphiphilic macromolecular surfactant. We demonstrated previously that this surfactant can be used in the emulsion polymerization of styrene,[endnoteRef:34] and good compatibility of the hydrophobic poly(L-phenylalanine) block with the polypeptide particle was envisaged. Moreover, the decision was guided by the fact that this surfactant only contains amino acids and carbohydrates facilitating potentially better processing and biocompatibility than commercial surfactants. However, initial attempts at recreating classical emulsion polymerizations procedures via an oil-in-water emulsion consisting of water, water immiscible organic solvent (dichloromethane), NBC NCA, polypeptide surfactant and triethylamine as an initiator were all unsuccessful. The major constraint faced with a classical emulsion polymerization approach was that the introduction of the NCA monomer into an aqueous environment caused pre-mature initiation or hydrolysis of the monomer. Under these conditions it was repeatedly observed that the monomer precipitated from solution resulting in a heterogeneous mixture of hydrophobic polypeptide and water. A miniemulsion polymerization method was thus devised,[endnoteRef:35],[endnoteRef:36] where the NBC NCA monomer was encapsulated in preformed micelles which acted as particle seeds for the polymerization. Success was found utilizing this method where high sheer force was necessary to break-up the monomer/solvent droplets into surfactant stabilized sub-micron particles. Typically, the surfactant block copolymer was first dissolved in deionized water at 0C under magnetic stirring, after which the NBC NCA monomer solution in dichloromethane was added under sonication. Initial experiments were carried out by introducing the initiator hexylamine immediately prior to emulsification. This method resulted in a bimodal size distribution of particles, where a monomodal distribution of particles was observed in the initial stages of the reaction only to grow in disparity as the reaction progressed. This result is tentatively explained by the reaction proceeding via the slow normal amine NCA ring-opening mechanism (NAM)[endnoteRef:37] as well as being affected by the point of addition of the initiator, where polymerization starts before the oil phase particles have formed and carries on during the emulsifying process. Thus, modelling the approach on the classical radical emulsion polymerization, which is a very fast process, it was decided to try and exploit the fast activated monomer NCA ring-opening mechanism (AMM)33 facilitated by tertiary amines in an attempted to ‘capture’ the particles directly after applying the sonification. In contrast to the previous approach, the initiator triethylamine was only added after the formation of a stable dichloromethane/monomer emulsion. This approach enabled the synthesis of well-defined polypeptide-based nanoparticles. [33:  Liu, G.; Dong, C.-M. Photoresponsive poly(S-(o-nitrobenzyl)-L-cysteine)-b-PEO from a L-cysteine N-carboxyanhydride monomer: synthesis, self-assembly, and phototriggered drug release. Biomacromolecules 2012, 13, 1573.]  [34:  Jacobs, J.; Gathergood, N.; Heuts, J. P. A.; Heise, A. Amphiphilic glycosylated block copolypeptides as macromolecular surfactants in the emulsion polymerization of styrene. Polym. Chem. 2015, 6, 4634.]  [35:  Asua, J. M. Miniemulsion polymerization. Prog. Polym. Sci. 2002, 27, 1283.   ]  [36:  Landfester, K. Miniemulsion Polymerization and the Structure of Polymer and Hybrid Nanoparticles. Angew. Chem. Int. Ed. 2009, 48, 4488.]  [37:  Kricheldorf, H. R. Polypeptides and 100 Years of Chemistry of α‐Amino Acid N‐Carboxyanhydrides. Angew. Chem. Int. Ed. 2006, 45, 5752.] 
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Figure 1. Typical normalized dynamic light scattering (DLS) intensity traces of (A) PNBC nanoparticle aliquots taken during the miniemulsion polymerization at different time intervals (addition of initiator at t = 0 min.) and (B) traces before and after UV-crosslinking. 
[bookmark: _GoBack]In a typical experiment 80 mg of surfactant in 10 mL deionized water and 90 mg NBC NCA in 2 mL of dichloromethane were used. DLS analysis was carried out directly before and after initiation of the polymerisation, as well as during the reaction, to show the variation in particle distribution as the reaction progressed (Figure 1A; Table S1, Figure S4, ESI). In all cases a single particle distribution was observed corresponding to nanoparticle z-average diameters of about 210 nm (batch-to-batch variation ± 15 nm) with a polydispersity (PDI) of around 0.17 with minimal change throughout the course of the reaction (Figure 1A; Table S1, ESI). This is in accordance with what is expected for a miniemulsion polymerization where the initial droplets are converted into particles stabilized by the glycosylated copolypeptide. It has to be noted that DLS results should be interpreted as indicative with the understanding that the DLS measurements operate under the assumption of hard spherical particles, which is not the case here. Spectroscopic confirmation for the successful polymerization in the droplets was obtained from 1H-NMR analysis. The representative 1H NMR spectrum of the polyNBC (PNBC) nanoparticle samples dissolved in CDCl3/TFA shows the typical proton signals at 7-8 ppm and around 4 ppm of the nitrobenzyl group (Figure S7, ESI) as well as proton signals at around 3 ppm assigned to the methylene group in the α-position to the sulfur atom (-CHCH2-S-NB) of PNBC.
Cryo-TEM analysis was undertaken to observe the morphology of the nanoparticles in their hydrated state. Nanoparticles obtained through hexylamine initiation were heterogeneous with ‘jellyfish’ like structures and a distribution of particle sizes and morphologies (Figure S8a,b, ESI). The size distribution was attributed to the NAM mechanism affecting the particle formation over the reaction time. Cryo-TEM imaging of the nanoparticles formed through triethylamine initiation after full purification (removal of dichloromethane and dialysis) shows that the majority of the nanoparticle were spherical, albeit with a similar ‘jellyfish’ type morphology (Figure 2a,b; Figure S8c,d, ESI). It is known that poly(L-cysteine) exclusively assumes β-sheet confirmations, which has been shown to be true for PNBC homopolymer as well.31,33 It was therefore reasoned that these regions of higher density could be attributed to the secondary structure of the polypeptide. This is a characteristic which becomes more pronounced with larger particles, possibly due to a greater amount of monomer being encapsulated in the particles resulting in an increase in the repeating units and subsequently cumulating the effect of the β-sheet formation.
[image: ]
Figure 2. Cryo-TEM images of the PNBC nanoparticles initiated with triethylamine: before UV crosslinking, overview (a) and magnification (b); after UV crosslinking, overview (c) and magnification (d).
Subsequently, stable, crosslinked nanoparticles were prepared by subjecting the polypeptide latex to UV light. In this way, the UV labile o-nitrobenzyl groups inside the core of the polypeptide nanoparticles were cleaved (Scheme 1). It was expected that this would result in the formation of disulfide bridges leading to denser particles. Following UV irradiation, DLS confirmed a significant decrease in particle diameter of ~21 nm, from ~207 nm (PDI 0.19) to ~200 nm (PDI 0.18) after a 30 min cure and ~186 nm (PDI 0.18) after 60 min cure, respectively (Figure 1B). Complementary to the DLS results, Cryo-TEM images show a clear change in morphology after being subjected to UV irradiation (Figure 2c,d; Figure S8e,f, ESI). The decrease in particle diameter as the core is cross-linked is quite apparent and subsequently leads to seemingly denser and more compact nanoparticles.
Finally, atomic force microscopy (AFM) images of the crosslinked particles were recorded. The images confirmed the presence of separated individual nanoparticles with homogeneous size and diameters of 230-300 nm and heights of 120-140 nm (Figure 3). Close inspection of the particles reveals a rough surface morphology (Figure 3d), which is in agreement with cryo-TEM images (Figure 2d). This result supports the hypothesis that the PNBC nanoparticles contain domains of different densities, possibly caused by secondary structure arrangements, which upon contraction due to crosslinking create the observed surface morphology.
[image: ]
Figure 3. Height contrast (a) and phase contrast (b) AFM images of cross-linked PNBC particles; (c) selection profile of the AFM image along the while line in (a); (d) 3-D projection of particles combining height and phase channels.
In summary, we have presented a novel and facile synthetic route to polypeptide nanoparticles by miniemulsion polymerization of a (water sensitive) NCA monomer by identifying the appropriate reaction conditions, i.e. the necessary order of component addition, as well as a suitable initiator. Stabilization of the particles was achieved by in situ UV-crosslinking. The disclosed methodology opens a synthetic route to a completely new family of bio-inspired nanoparticles comprising only natural building blocks such as amino acids and glycans (surfactant). This research could pave the way towards a new delivery platform for therapeutic cargo.
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