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ABSTRACT  

The concepts of polymer-peptide conjugation and self-assembly were applied to antimicrobial 

peptides (AMPs) in the development of a targeted anti-malaria drug delivery construct. This 

study describes the synthesis of α-acetal, ω-xanthate heterotelechelic poly(N-vinylpyrrolidone) 

(PVP) via reversible addition-fragmentation chain-transfer (RAFT) mediated polymerization, 

followed by post-polymerization deprotection to yield α-aldehyde, ω-thiol heterotelechelic 
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PVP. A specific targeting peptide, GSRSKGT, for Plasmodium falciparum infected 

erythrocytes was used to sparsely decorate the α-chain ends via reductive amination whilst 

cyclic decapeptides from the tyrocidine group were conjugated to the ω-chain end via thiol-ene 

Michael addition. The resultant constructs were self-assembled into micellar nano-aggregates 

whose sizes and morphologies were determined by dynamic light scattering (DLS) and 

transmission electron microscopy (TEM). The in vitro activity and selectivity of the conjugates 

were evaluated against intraerythrocytic P. falciparum parasites. 

INTRODUCTION 

Malaria is the most prevalent parasitic disease and one of the leading causes of death of children 

under the age of 5.1, 2 The majority of malaria infections occur in tropical areas and are caused 

by several species of protozoan parasites belonging to the genus Plasmodium. The five 

Plasmodium species, P. ovale, P. malariae, P. vivax, P. falciparum and P. knowlesi are 

transmitted to humans by the female Anopheles mosquito.3, 4 P. falciparum is responsible for 

the majority of deaths, > 95% of which are prevalent in sub-Saharan Africa, mainly affecting 

pregnant women and children under the age of 5.1, 2 Several classes of antimalarial drugs have 

been developed to treat malaria, including the quinolines, antifolates and artemisinins. 

However, resistance of malaria parasites to these drugs is now rolling back these successes.5, 6 

Therefore, there is need to develop new and effective malaria treatment regimes.  

Antimicrobial peptides (AMPs), which form part of the an ancient innate defence 

system that can be found in the animal, plant and microbial kingdoms in the fight against 

invasive bacteria, fungi, viruses and protozoa, are gaining interest as therapeutic agents for 

several pathogens.7, 8 AMPs as a group have diverse structures and vary in size from about 800 

- 8000 kDa. AMPs, however, share a number of characteristics with the most important being 

their amphipathic nature and high isoelectric points (pI) which facilitate selective electrostatic 
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interactions with target membrane lipids.9-12 An interesting example of the AMP complex 

called tyrothricin produced non-ribosomally by Brevibacillus parabrevis, previously known as 

Bacillus brevis.13, 14  The peptides found in the tyrothicin complex consist of up to 28 different 

cationic cyclic decapeptides from the tyrocidine (Trc), tryptocidine (Tpc) and phenycidine 

groups, as well as up to nine neutral pentadecapeptides called the gramicidins.13, 14  Both the 

cyclic decapeptide group and gramicidins have been shown to be active against the erythrocyte 

stage of P. falciparum.15 Rautenbach et al.15 reported that gramicidin S, an analogous cyclic 

decapeptide that shares the Val-Orn-Leu-D-Phe-Pro pentapeptide moiety with the Trcs, was 

less active and less selective for erythrocyte stage P. falciparum when compared to Trc. 

Furthermore, gramicidin S was shown to exert its low micromolar parasitic inhibition by rapid 

lysis of infected erythrocytes, whilst Trc, on the other hand, did not result in overt lysis of 

infected erythrocytes but also facilitated selective parasite death at nanomolar concentrations 

via a mechanism of parasite development inhibition. From these studies and a follow-up study 

by Leussa,16 it was hypothesized that the low nanomolar anti-plasmodium activity of the 

tyrocidines is related to sensitive intracellular targets, possibly with multiple modes of action. 

To limit the development of resistance by microbial pathogens including P. falciparum, rapid 

activity, multiple targets and modes of action in the same drug system or formulation would be 

the ideal approach.17 The action of Trc on P. falciparum does match these criteria, apart from 

that it could be cytotoxic at micromolar dosages, therefore, if these peptides are to be used 

against P. falciparum, they must be modified to limit toxicity or be contained within a drug 

delivery system. 

Despite considerable research efforts being channelled towards the identification of 

potent and selective peptides, the drug delivery aspects of AMPs have largely remained 

untouched.18 For therapeutic applications, it might be essential to combine Trc with a drug 

delivery system so as to not only circumvent their toxic nature towards healthy cells, but also 
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to prevent cell-mediated immune responses due to cellular damage. The proteolytic 

susceptibility of most AMPs can lead to degradation and loss of activity when parenterally 

administered. However, the cyclic nature of the Trcs and D-amino acid residues in the structure 

will allow for better systemic stability, specifically protease-related stability, compared to 

linear and all L-residue AMPs.19, 20 The cationic and amphipathic nature of AMPs, including 

Trc, could pose a problem when administered systemically, as their inherent chemistry 

facilitates their binding to serum proteins such as albumin causing subsequent clearance from 

blood circulation.21-23 Polymer-peptide conjugation is a known approach for improving the 

efficacy of pharmaceuticals, including peptides, by reducing proteolytic degradation, 

increasing blood circulation time, preventing uptake by the reticular endothelial system and 

reducing cytotoxicity.24 Despite that cyclic Trcs, containing non-protein residues and D-amino 

acids are considerably less susceptible to proteolytic degradation19, 20, conjugation to polymers 

will likely further reduce the vulnerability. The main aim of the Trc-polymer conjugation, 

however, is to potentially diminish and localise the toxicity of Trcs, which are toxic on their 

own.  

Polymer-peptide conjugates can be synthesized by growing a polymer chain from a 

suitably functionalized peptide (grafting-from), or by coupling a ready-made polymer to a 

peptide (grafting-to).25-27 Both approaches benefit from controlled chain growth 

polymerization techniques, which produce well-defined polymers with predictable molar 

masses (Mn), low dispersity (Ð) and precisely placed and known functional handles.28 

Polyethylene glycol (PEG) is the preeminent polymer for conjugating to peptides, via grafting-

onto approach. PEG is readily prepared by living anionic polymerization of ethylene oxide, 

and is easily end-functionalized.29  

In the last two decades, the advent of reversible deactivation radical polymerization 

techniques (RDRP) has expanded the scope of accessible, well-defined biocompatible 
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synthetic polymers with predictable Mn, low Ð and precise functionalities.30, 31 Moreover 

RDRP methods, in particular the reversible addition-fragmentation chain-transfer (RAFT) 

process, are more robust than anionic polymerization and tolerate a wide range of functional 

groups and experimental conditions. Other complimentary advances in materials science 

include the use of dynamic covalent chemistry, which enables stimuli responsiveness32 and 

increased understanding of self-assembly,33 in particular that of polymer- peptide systems, 

enhancing the possibilities of harnessing the potential of AMPs such as the Trcs. 

In this study we investigated the potential of poly(N-vinylpyrrolidone)-Trc (PVP-Trc) 

conjugate drug delivery system in anti-malarial therapy. PVP is a well-known biocompatible 

polymer, with numerous applications in the beverage industry, in cosmetics and in 

pharmaceuticals. It is readily synthesized via RAFT polymerization, and easily end-

functionalized with bio-relevant end groups such as thiols and aldehydes. Heterotelechelic α-

aldehyde, ω-thiol-PVP was prepared via the RAFT process and subsequently chain-end 

deprotected based on our previous work.34 Thiol-ene Michael addition chemistry on the ω-end 

group was employed to conjugate a prepared acrylate functionalized Trc, whilst the -aldehyde 

end-group was used to attach a malaria infected erythrocyte-specific targeting ligand. 

Subsequently, the conjugates were self-assembled into core (Trc) - shell (PVP) spherical 

morphologies in aqueous solutions before evaluating the haemolytic toxicity and efficacy of 

these drug delivery vehicles against erythrocytes infected with the malaria parasite, P. 

falciparum. 

EXPERIMENTAL SECTION 

Materials. Acryloyl chloride (> 97%), tert-butyl hydroperoxide (70 wt.% in water), But-3-yn-

2-ol (≥ 97%), 3-chloropropionylaldehyde (≥ 90%), copper(II) sulfate pentahydrate (≥ 98%), 

N,N-diisopropylethylamine (DIPEA, 99.5%), DMSO-d6 (99.9% atom D), HCl (4M in 
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dioxane), n-hexylamine (99%), potassium ethyl xanthogenate (≥ 96%), n-propylamine (98%), 

pyrene (98%), 6-aminofluorescein (≥ 95%) sodium ascorbate (≥ 98%), sodium azide (NaN3, ≥ 

99%), lithium bromide (LiBr, ≥ 99%),  sodium borohydride (NaBH4, > 95%), sodium 

cyanoborohydride (NaBH3CN, > 95%), p-toluenesulfonyl chloride (≥ 98%), triethylamine (≥ 

99%) and N-vinylpyrrolidone (NVP), all Sigma Aldrich, were used as received. Sodium 

sulphite (Na2SO3, 96%) was purchased from Riedel-de Haën. GSRSKGT (≥ 99% GL 

Shanghai). 

Ethics. All in vitro experiments were carried out at the University of Pretoria with ethics 

approvals from the Faculty of Natural and Agricultural Sciences (ref: 180000094) for the 

cultivation of malaria parasites and the Faculty of Health Sciences (ref 506/2018) for the use 

of human erythrocytes to this end. 

Methods. Nuclear Magnetic Resonance (NMR) Spectroscopy. 1H and 13C NMR spectra were 

recorded on a Varian VXR-Unity 400 MHz spectrometer, in deuterated solvents, at 25 °C. 

Chemical shifts are reported in parts per million (ppm), downfield of tetramethylsilane, 

referenced to residual solvent peaks. Coupling constants are reported in Hertz (Hz), and 

resonance multiplicities are described as s (singlet), d (doublet), t (triplet), q (quartet) or m 

(multiplet). 

Size Exclusion Chromatography (SEC). SEC was carried out on an Agilent 1260 HPLC 

instrument (Agilent Technologies, Waldbronn, Germany) comprising the following: 

autosampler, on-line degasser, quaternary pump unit and a thermostatic column compartment 

set to 40 °C. The detectors used were an Agilent VWD ultraviolet (UV) detector at a UV 

wavelength of 290 nm and an RI detector at 40 °C. Three GRAM columns (PSS Polymer 

Standards Service, GmbH, Mainz, Germany) with polyester copolymer as a stationary phase 

and 10 μm particle size and porosities of either 100 Å and 3 000 Å were used in tandem. A 
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guard column with the same packing material was used. The eluent system used was N,N-

dimethylformamide (HPLC grade with 0.05% w/v LiBr salt) at a flow rate of 0.8 mL·min-1. 

Calibration was carried out using low dispersity poly(methyl methacrylate) (Polymer Standards 

Service (PSS), Mainz, Germany) with peak maximum molecular weights (Mp) ranging between 

800 g·mol-1 and 2 200 000 g·mol-1. Therefore, the SEC data obtained are reported as PMMA 

equivalents. PSS WinGPC Unichrom 8.2 software was used to acquire and process the data. 

Ultra-performance liquid chromatography in tandem with electrospray mass spectroscopy 

(UPLC-MS). UPLC-MS was conducted utilising a Waters Acquity Ultra Performance Liquid 

Chromatograph coupled to a Waters Synapt G2 high resolution mass spectrometer fitted with 

a Z-spray electrospray ionisation source. For direct injection ESMS and UPLC-MS analyses, 

1-3 μL of the sample solution (± 50 ng Trc or modified Trc in 50% acetonitrile) was injected 

each time and subjected to a capillary voltage of 3.0 kV, source voltage of 15 V and temperature 

of 120 C. Collision energies in  the trap and transfer collision cell was kept at 4 eV and 0 eV 

respectively. A desolvation gas (N2) flow was maintained at of 650 L/h and desolvation 

temperature was at 275 ºC. Mass spectral data were collected in positive mode by continuum 

scanning over an m/z range of 300-2000. For the UPLC analysis of the Trcs and modified Trcs, 

we employed an Acquity UPLC® BEH C18 column (2.1 × 50 mm, 1.7 μm spherical particles, 

Millipore-Waters, La Jolla, USA). Chromatographic separation was accomplished by the use 

0.1% formic acid (A) to acetonitrile (B) gradient (100% A for 30 seconds, 0 to 30% B from 30 

to 60 seconds, 30 to 60% B from 1 to 10 minutes, 60 to 80% B from 10 to 15 minutes at a flow 

rate of 300 μL/min), followed by re-equilibration of the column to initial conditions.  

Dynamic Light Scattering (DLS). DLS was performed on a Malvern Instruments ZetaSizer 

Nano series (Worcestershire, U.K) 1000HSa equipped with a He-Ne laser operating at a 

wavelength of 633 nm. The scattered light was detected offline at an angle of 175 . The particle 



 8 

size and distribution were obtained from 3 measurements, each comprising 10 runs. The 

particle size and distribution were determined using CONTIN analysis and presented as the Z-

average particle size. 

Transmission Electron Microscopy (TEM). Samples were imaged using the Tecnai 20 

transmission electron microscope (TEM) (Thermo Fisher (formerly FEI), Eindhoven, 

Netherlands) fitted with a LaB6 emitter and operating at 200 kV and a Gatan Tridiem 863 UHS 

(Gatan, UK). The images were collected using the embedded Gatan CCD camera (2048  2048 

pixels). Sample preparation was done on plasma treated copper grids. 

Fluorescence spectroscopy. The fluorescence excitation spectra of pyrene were measured at 

varying block copolymer concentrations using a Perkin Elmer Luminescence LS50B 

spectrometer using FL Winlab version 4.0 for data processing. 

Thermodynamic stability. A dilution series PVP4K-Trc and PVP9K-Trc conjugates was prepared 

in PBS at concentrations ranging from 0.1 g·mL-1 to 1 mg·mL-1, each made up to a final 

volume of 4.5 mL. Subsequently, a stock solution of pyrene dissolved in acetone (36.4 mg/mL, 

1.8  10-4 M) was prepared and cooled to 4 °C. From the pyrene solution, 15 L was pipetted 

into each conjugate dilution to make up a final pyrene concentration of 6.0  10-7 M. The 

prepared conjugate dilutions were left for 24 h at 25 °C in the dark to facilitate the partitioning 

of pyrene into the core segments of the conjugates. The fluorescence excitation spectra were 

recorded from 300 to 360 nm with the emission wavelength at 390 nm. The spectra were 

recorded at a scan rate of 250 nm·min-1 and the intensity ratio of I337nm/I333nm was plotted against 

the logarithm of the conjugate concentration to determine the CMC. 

In vitro cultivation of asexual P. falciparum parasites and antimalarial assays. Drug sensitive 

P. falciparum parasites (NF54 strain obtained from BEI resources) were cultured in vitro at 5% 
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haematocrit in human type O/A Rhesus positive erythrocytes (from healthy volunteer donors, 

University of Pretoria Health Sciences Ethics approval 506/2018) suspended in complete 

culture medium (RPMI-1640 medium (Sigma-Aldrich) supplemented with 25 mM HEPES, 

2% (w/v) D-glucose, 200 μM hypoxanthine, 23.8 mM sodium bicarbonate, 0.5% AlbuMAX II 

(Sigma-Aldrich) and 24 μg·mL-1 gentamycin (Fresenius, Germany). The parasite cultures were 

maintained at 37 °C under hypoxic conditions (90% N2, 5% O2, and 5% CO2) and synchronised 

with D-sorbitol (5%).35 The SYBR green I fluorescence assay was used to determine 

proliferation of conjugate treated parasites (1% haematocrit, 1% parasitaemia) which were 

incubated for 96 h under hypoxic conditions at 37 °C.  Chloroquine disulphate (1 µM) was the 

positive control whilst complete untreated parasites was the negative control for inhibition of 

proliferation.35 At the conclusion of the 96 h growth incubation period, equal volumes of the 

P. falciparum parasite cultures and SYBR Green I lysis buffer [0.2 µL/mL 10 000 SYBR 

Green I; 20 mM Tris, pH 7.5; 5 mM EDTA; 0.008% (w/v) saponin; 0.08% (v/v) Triton X-100] 

were transferred to new 96-well plates. The samples were incubated at 37 °C for 1 h after which 

fluorescence was measured with a GloMax®-Explorer Detection System with Instinct® 

Software (excitation at 485 nm and emission at 538 nm). Dose-response curves were plotted 

using GraphPad v6.0. from which half-maximal inhibitory concentrations (IC50) were obtained. 

Experiments were performed in technical triplicate for three independent biological replicates. 

Human erythrocyte haemolysis assays. Human whole blood (type O or A Rh-positive 

erythrocytes) was collected in anticoagulated blood bags (Adcock Ingram) from consenting 

donors. The blood was washed thrice with phosphate buffered saline [1  PBS: 137 mM NaCl 

(Merck, USA), 2.7 mM KCl (Merck, USA), 10 mM KH2PO4 (Merck, USA), pH 7.4] and 

thereafter centrifuged at 3000  g to remove serum and buffy coat. Erythrocytes (4% 

haematocrit) were exposed to varying conjugate concentrations in 96 well plates for 48 h at 37 

°C. Untreated erythrocytes and erythrocytes treated with Triton-X were employed as negative 
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(0% haemolysis) and positive controls (100% haemolysis) respectively. Following incubation, 

erythrocyte suspensions were centrifuged at 3000  g for 3 min. The amount of released 

haemoglobin in the supernatant (3:7 dilution) was measured by absorbance at 540 nm 

(Multiskan Ascent V1.24, Thermo Labsystems). Dose-response curves were drawn in 

Graphpad Prism v6.0. and half-maximal haemolytic concentrations (HC50) obtained Data are 

representative of technical triplicates for three independent biological repeats.36 

Cytotoxicity. HepG2 cells were grown in DMEM with FBS (10%) and penicillin/streptomycin 

(1%) at 37 °C (CO2 (5%), 90% humidity). The media was changed every 2 days as needed 

depending on the cell confluency, which was monitored using a phase contrast microscope 

(40 magnification). Cells were passaged at 70 – 80% monolayer confluency using 1x Trypsin-

EDTA (Sigma-Aldrich). The cell viability was monitored microscopically with Trypan-Blue 

(0.2%). Approximately 100 000 cells/well were plated in 96-well plates and the cells were 

grown for 24 h at 37 °C. After this time, the cells were treated with each compound (10 and 2 

M) for 48 h at 37 °C (CO2 (5%)). PBS (40 L) was used to dilute the supernatant (60 L)  

which was added to new 96-well plates. The cytotoxicity was determined using the 

CytoSelect™ lactate dehydrogenase (LDH) cytotoxicity assay kit. DMEM complete culture 

media was used as the background control. Untreated viable cells and cells treated with Triton-

X 100 (dead cells) were used as the negative and positive control for cytotoxicity, respectively. 

Emetine was used as a reference control. Equation 1 was used to calculate the cytotoxicity 

where OD is the absorbance at 450 nm determined using a UV-Vis spectrometer, T is drug 

treated HepG2 cells, P is the positive control and N is the negative  control. Experiments were 

performed in technical triplicate for three independent biological repeats (n = 3). 

𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 =
𝑂𝐷𝑇−𝑂𝐷𝑁

𝑂𝐷𝑝−𝑂𝐷𝑁
× 100    (Equation 1) 
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Light and confocal fluorescence microscopy. Blood smears were prepared at various incubation 

times for examination by light and fluorescence microscopy. Slides prepared for light 

microscopy were stained with Giemsa. Fluorescence based imaging was performed on Carl 

Zeiss (Germany) LSM780 with ELYRA S.1 confocal microscope. Images were acquired using 

a 10 air immersion objective (EC “Plan-Neofluar”10/0.3 M27) and 60 oil immersion 

objective (Olympus Plan APO N 60/1.42 Oil/0.17/FN26.5). A diode 405 nm and an argon 

multi-line laser 25 mW at 488 nm and 561 nm laser were used as a light source and the 

fluorescence intensity was measured using a GaAsP detector. Laser power and master gain 

were chosen for 488 nm (fluorescein) to achieve an optimal signal/noise ratio with minimal 

pixel saturation. 

Synthesis. S-(but-3-yn-2-yl) O-ethyl carbonodithioate (1) was synthesized as described in 

literature.34  

Synthesis of 3-azido-1,1-diethoxypropane (2).  3-chloropropionaldehyde diethyl acetal (10 g, 

60.3 mmol) was diluted in dimethyl sulfoxide (60 mL), followed by portion wise addition of 

sodium azide (9.75 g, 150.5 mmol), before stirring the reaction at 50 °C for 16 h. Thereafter, 

the reaction mixture was poured into water (50 mL) and extracted into ethyl acetate (3 × 40 

mL), before washing the organic phase with brine (2 × 20 mL), and then with deionized water 

(2 × 20 mL). The organic phase was dried over MgSO4 and concentrated under reduced 

pressure, yielding the product as an orange oil (9.35 g, 90%). 1H NMR (400 MHz, 298 K, 

CDCl3) δ (ppm) = 4.61-4.58 (t, J = 5.6 Hz, 1H), 3.70-3.63 (dq, J = 9.4, 7.1 Hz, 2H), 3.54-3.47 

(dq, J = 9.4, 7.0 Hz, 2H), 3.39-3.35 (t, J = 6.8 Hz, 2H), 1.90-1.85 (td, J = 6.8, 5.7 Hz, 2H), 

1.22-1.19 (t, J = 7.0 Hz, 6H). 13C NMR (100 MHz, 298 K, CDCl3) δ (ppm) = 100.4, 61.8, 47.5, 

33.2, 15.3. 
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Synthesis of S-(1-(1-(3,3-diethoxypropyl)-1H-1,2,3-triazol-4-yl)ethyl) O-ethyl 

carbonodithioate (XA1)  was prepared as described in literature.34  

Synthesis of α-acetal, ω-xanthate heterotelechelic PVP. In a typical procedure, NVP (6 g, 53.0 

mmol), xanthate (XA1) (125 mg, 0.360 mmol) and tert-butyl hydroperoxide (8.11 mg, 0.090 

mmol) were weighed into a Schlenk tube and dissolved in pH 7.4 PBS buffer solution (5.5 

mL). The solution was degassed by bubbling argon gas for 20 min. Na2SO3 (11.3 mg, 0.090 

mmol) was separately dissolved in pH 7.4 PBS (0.5 mL) and degassed by bubbling argon for 

10 min. The Na2SO3 solution was added to the monomer solution using a degassed syringe, to 

start the polymerization, which proceeded at room temperature for 16 h. Thereafter, an aliquot 

of the reaction mixture (~ 20 mg) was withdrawn to determine conversion by 1H NMR 

spectroscopy in D2O, whilst the rest of the sample was lyophilized. Afterwards, the polymer 

was dissolved in minimum CHCl3 and precipitated from diethyl ether, three times, dried under 

vacuum and analyzed by NMR spectroscopy and SEC.  

Synthesis of α-aldehyde, ω-thiol PVP via a one pot sequential chain end deprotection. In a 

typical procedure, n-hexylamine (15 equiv., 2.25 g, 23 mmol) was added to a solution of α-

acetal, ω-xanthate PVP (4000 g·mol-1, 6 g, 1.5 mmol) in acetone (40 mL), and the mixture 

stirred at room temperature for 4 h. Thereafter, 4 M solution of HCl in dioxane (13.5 mL) was 

added, bringing the HCl concentration to 1 M, and the reaction was stirred at room temperature 

for 4 h. The solution was purified by dialysis (2000 Da MWCO) against MeOH/H2O (1:1) for 

2 days and deionised water for one day and lyophilized, yielding α-aldehyde, ω-thiol 

heterotelechelic PVP as a white powder (1.24 g, 55%) before analysis by 1H NMR 

spectroscopy and SEC. 

Synthesis of tyrocidine acrylate (Trc acrylate). Trc was produced utilising B. parabrevis as 

described by Vosloo et al.37 The gramicidins were removed from dried crude extract containing 
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the Trc by multiple precipitation steps utilising ether:acetone (1:1, v/v). The insoluble 

precipitate containing the Trcs was collected and lyophilised. The collected Trc fractions were 

analysed utilising UPLC-MS to ensure that it was gramicidin free and of high purity. To modify 

the Trcs with acrylate, a 50 mL round bottom flask was charged with Trc (225 mg, ± 0.17 

mmol), DMF (30 mL) and DIPEA (600 μL, 3.46 mmol), and the solution was chilled in an ice 

bath, before adding a solution of acryloyl chloride (28 μL, 0.346 mmol), in chilled DMF (5 

mL), dropwise. The reaction warmed up to room temperature on its own before being stirred 

for 48 h. DMF was evaporated under reduced pressure, the resultant solid dissolved in minimal 

ethanol and precipitated from diethyl ether, five times. The sample was then dried under a 

stream of nitrogen, dissolved in 1:1 (v/v) ACN/H2O (30 mL), before lyophilization, yielding 

the product as a light brown powder (215 mg, 92%), which was subsequently analysed by 

UPLC-MS. 

Synthesis of α-GSRSKGT, ω-thiol PVP via reductive amination. In a typical procedure, α-

aldehyde, ω-thiol PVP (4000 g·mol-1, 120 mg, 30 mol) was dissolved in sodium borate 

solution (SBS, 2 mL, pH 9.7). NaBH3CN (10 equiv.) and GSRSKGT (0.41 mg, 0.6 mmol) 

were separately dissolved in SBS buffer (1 mL and 0.5 mL, respectively) and subsequently 

added to the polymer solution. The reaction mixture was stirred at room temperature, overnight, 

before adding 10 times excess n-propylamine, to passivate the remaining aldehyde 

functionalities and stirred for 6 h, before being dialysed (3500 Da MWCO) against deionised 

water, for 24 h. Finally, the product was isolated by lyophilisation, and obtained as a white 

powder. 

Synthesis of α-GSRSKGT, ω-tyrocidine PVP bioconjugate via nucleophile thiol-ene Michael 

addition. In a typical procedure, α-GSRSKGT, ω-thiol PVP (4000 g·mol-1, 20 mg, 5 mol) and 

NaBH4 (2.00 mg, 0.050 mmol) were dissolved in DMF (2 mL) and the solution was degassed 
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by purging with argon for 5 min. Trc acrylate (8.57 mg, 6.2 μmol) was dissolved in DMF (1 

mL) and added to the PVP solution. DIPEA (4 μL, 0.030 mmol) was added and the reaction 

was stirred at room temperature for 48 h. The solution was purified via dialysis (2000 Da 

MWCO) against EtOH/H2O (1:1 v/v) for 24 h, and pure H2O for a further 24 h, before 

lyophilizing, yielding the product, α-GSRSKGT, ω-tyrocidine PVP bioconjugate as a white 

powder (18 mg, 68%), which was characterized by 1H NMR spectroscopy. 

 

RESULTS AND DISCUSSION 

In the first part of the study, the self-assembly properties of the PVP-tyrocidine resultant 

conjugates in aqueous media were studied. In the second part of the study, activity of the 

bioconjugates as anti-malarial agents, as well as the specificity for conjugates bearing a ligand 

proposed to be selective for infected erythrocytes, were evaluated as a function of the inhibitory 

concentration and haemolytic concentration. For the purposes of this discussion, we employ 

the term “Trc” to refer to the purified peptide preparation consisiting of mainly tyrocidine 

analogues (72.1% of Trcs), a smaller fraction of tryptocidine (19.5% of Tpc), with the rest 

made up by other cyclic decapeptides (6.8)% and VGA (1.6%) (Refer to Table S2 and Fig S9 

in supplementary data). 

Synthesis of α-aldehyde, ω-thiol heterotelechelic PVP via RAFT/MADIX 

polymerization. Biocompatible polymers with orthogonally addressable end-functionalities, 

such as aldehydes and thiols, have many applications in bioconjugate formation.28, 38 RAFT 

polymerization is a mature technology for preparing such α,ω-heterotelechelic biocompatible 

polymers.28, 38 PVP, an established biocompatible polymer is readily accessible via the RAFT 

polymerization of NVP, using functional xanthate chain transfer agents in either organic or 

aqueous media.39-41  
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Towards the preparation of α-aldehyde, ω-thiol PVP based on our earlier work,34, 42 we 

first synthesized a triazole based xanthate RAFT agent bearing an acetal protected aldehyde 

functionality in the R-group (Scheme 1 (A)) and the structure was verified by NMR 

spectroscopy (Figures S1 and S2). Thereafter, we used this RAFT agent to mediate the aqueous 

RAFT polymerization of NVP (Scheme 1 (B)) in aqueous media, i.e. PBS buffer, pH 7.5, using 

the redox initiation pair tert-butyl hydroperoxide and sodium sulphite, at room temperature, 

based on conditions reported by Destarac et al.43  

Two degrees of polymerization (DPn) were targeted (DPn = 44 and 88). Polymerizations 

proceeded to high conversions, > 80%, and SEC analysis revealed good control over molar 

mass, and low Ð (Table 1). 1H NMR spectroscopy analysis confirmed the retention of RAFT 

end-groups (Figure S3 (A)), with the α-acetal signals (methylenes ‘h’ and ‘i’ at 4.28 ppm and 

4.47 ppm, respectively) and ω-xanthate signals (methylene ‘f’ at 4.62 ppm). Mn values 

calculated from 1H NMR spectroscopy were also in good agreement with theoretical Mn values, 

indicating good end-group retention (Table 1). Finally we accessed α-aldehyde, ω-thiol PVP, 

via our earlier reported one-pot, two-step end-group deprotection procedure (Scheme 1 (B)).44 

First, the ω-xanthate end-group was aminolysed using n-hexylamine, before lowering the pH, 

using HCl in dioxane, resulting in the quaternisation of excess hexylamine and deprotection of 

the acetal functionality, into an aldehyde.  
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Scheme 1. (A) Synthetic procedure for the synthesis of the xanthate XA1. (B) Synthetic 

procedure for the synthesis α-aldehyde, ω-thiol PVP using RAFT/MADIX polymerization and 

one-pot sequential end chain deprotection. (C) Post-polymerization modification introduced a 

targeting group (α-chain end) via reductive amination followed by subsequent synthesis of 

PVP-Trc conjugates via nucleophilic thiol-ene Michael addition. 

Table 1. Summary of the experimental and theoretical size parameters for the RAFT 

mediated polymerization of NVP using XA1 as CTA. 

Samples 
Conva 

(%) 

Mn (theo)
b

 

(g·mol-1) 

Mn (NMR)
a 

(g·mol-1) 

Mn (SEC)
c 

(g·mol-1) 
ᴆc 

PVP4K 

PVP9K 

83 

87 

4150 

8700 

3300 

8400 

4000 

9300 

1.30 

1.25 

aDetermined by 1H NMR in CDCl3. bMn(theo) = ([monomer]0 × conv. × Mmonomer)/[CTA]0 + MCTA; [CTA]/[Initiator] 

= 4:1 ratio. cDetermined by SEC analysis in DMF + LiBr (PMMA as standards). 

 
1H NMR analysis of the purified polymer confirmed the removal of the ω-xanthate end-

group, by the disappearance of the methylene signal ‘f’, as well as the deprotection of acetal 

into aldehyde functionality by the appearance of the aldehyde proton ‘j’ at 9.7 ppm (Figure S3 

(B)). SEC analysis of the end-modified polymers revealed a broadening of the molar mass 

distribution in the RI traces of the end-modified samples (Figure S4), which is attributable to 

oxidative coupling of ω-thiol chain ends, forming disulphides, as illustrated in Scheme 1, 

effectively doubling the polymer Mn. 



 17 

Synthesis of PVP-Tyrocidine conjugates with malaria targeting ligand. Our 

strategy for preparing the polymer-peptide conjugates entails introduction of a targeting ligand 

specific for infected erythrocytes to the α end-group of α-aldehyde, ω-thiol PVP via reductive 

amination and subsequently conjugating tyrocidine to the ω-thiol end-group via an acid labile 

β-thiopropionate linkage (Scheme 1 (C)). The resultant constructs are self-assembled into 

micellar structures, with the hydrophobic peptide forming the core, and PVP forming the 

corona, decorated with targeting ligands.  

In the first step, the peptide ligand GSRSKGT (Figure S5) was conjugated to ~2% of 

the heterotelechelic PVP4K and PVP9K α-chain ends, through the glycine residue at the N-

termini, by reductive amination. GSRSKGT is a hydrophilic peptide, selected from a list of 

targeting peptide sequences, screened by Eda et al.45 and found to selectively bind to the 

surfaces of erythrocytes infected with P. falciparum. Several other ligands, reported by the Eda 

et al., more specifically target P. falciparum infected erythrocytes, however, due to their 

hydrophobic properties, we anticipated that this would either interfere with the self-assembly 

process or diminish their expression on nanoparticle surfaces. Consequently, we chose the 

hydrophilic GSRSKGT peptide. Elias et al.46 reported that low targeting ligand density on 

micelle surfaces is ideal for proper orientation with cognate receptors and effective target 

binding, therefore the conjugates were only sparsely decorated with the targeting ligand. 

Selective conjugation with the glycine residue on the N-terminus of GSRSKGT was achieved 

by conducting the experiment at a pH two units lower than the pKa of the peptide ligand’s ω-

amino acid.44  
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Figure 1. 1H NMR spectra of (A) α-aldehyde, ω-thiol/disulfide PVP4K, (B) α-GSRSKGT, ω-

thiol/disulfide PVP4K and (C) α-GSRSKGT, ω-tyrocidine PVP4K bioconjugates.  

The rest of the α-aldehyde end-groups were passivated with n-propylamine, also under 

reductive amination conditions to prevent deleterious side reactions with amine functionalities 

of Trc, or on other biomolecules in subsequent assays. 1H NMR analysis of the α-end-modified 

PVP showed complete disappearance of the aldehyde signal at 9.7 ppm (Figure 1 (B)), 

presumably due to successful chain-end modification. It is not possible, however, to 

unequivocally assign the ligand peaks because of the very small extent of ligand 

functionalization, and spectral overlap of ligand signals with PVP backbone signals. A 

qualitative ninhydrin Kaiser test47( Figure S7) was performed after purification of the α-end-

modified PVP via dialysis and the presence of the peptide ligand on the polymer chain end is 

considered the only possible explanation of the positive Kaiser test. Similarly, we modified the 

α-aldehyde group of PVP4K and PVP9K with 100% of n-propylamine to design controls against 

which the targeting efficiency of the GSRSKGT ligand functionalized constructs would be 

10 8 6 4 2

9.8 9.7 9.6
 

aldehyde signal 

Chemical shift (ppm)

R = GSRSKGT 2%

       n-propylamine 98%

(A)

(B)

(C)
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evaluated. PVP4K was also modified with 1% aminofluorescein via reductive amination to 

facilitate confocal fluorescence microscopy imaging of the PVP-Trc conjugate treated cells.   

 

Scheme 2. Synthesis of a tyrocidine based Michael acceptor (Trc acrylate) by targeting acrylate 

modification of the tyrosine position 7 on the Trc decapeptide structure. 

The second step towards polymer-peptide conjugate synthesis was to couple the 

antimicrobial Trc cyclic peptides to α-GSRSKGT, ω-thiol PVP via Michael addition. To 

facilitate thiol-ene coupling, a Trc based Michael acceptor was synthesized by introducing an 

acrylate functionality on the decapeptide structure. The tyrosine residue (residue 7) of the Trc, 

bearing a hydroxyl group was modified with acryloyl chloride, in presence of the excess 

DIPEA as organic base (Scheme 2). The base has the role of deprotonating the hydroxyl 

moiety, making it a good nucleophile and enabling its selective nucleophilic substitution with 

acryloyl chloride. Successful modification was confirmed by UPLC-MS spectrometry. The 

elution profiles of modified Trc (Figure 2 (A)) show a shift towards higher retention times, due 

to an expected increase in hydrophobicity coupled with decreased polarity following the 

acrylation, which causes an increased interaction with the C18 stationary phase. Furthermore, 

the molecular ion mass peaks for Trc acrylate analogues (C, B and A) differ from the ‘native’ 

Trc analogues by 54.02, corresponding to the addition of one acrylate moiety per Trc molecule 

(Figure 2(B)). The peaks at 11.62, 12.64 and 14.23 minutes are attributed to modified 

tryptocidines, functionalised on either L-Lys or L-Orn positions to form acrylamide. 
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Figure 2. (A) UPLC-MS elution profiles of tyrocidine (top) and tyrocidine acrylate (bottom) 

and (B) the extracted ion chromatograms from the UPLC-MS analysis is of four modified Trc 

acrylates (Trc A, B, C and C1) and three modified Tpc acrylates (TpcA, B and C). 

The final step was to conjugate the Trc acrylate to the α-GSRSKGT, ω-thiol PVP via a 

thiol-ene Michael addition click reaction, linking Trc to PVP via a β-thiopropionate bond. In 

order to maximize the thiol end-functionalities, sodium borohydride was used to reduce the 

disulfide-bridge linked heterotelechelic PVP chains whilst DIPEA catalysed the Michael 

addition.48,49 The reaction proceeded for 48 h in DMF and the conjugate was purified by 

dialysis, first against water/ethanol (1:1, v/v) to remove unconjugated peptide, and then against 

water for an additional 24 h and lyophilized. 1H NMR analysis (Figure 1 (C)), revealed the 

appearance of signals attributable to Trc’s aromatic amino acid residues. To provide further 

proof of conjugation, diffusion ordered NMR spectroscopy (DOSY) was carried out to separate 

the NMR peaks according to the individual chemical components in solution. The solution 

components were found to have the same diffusion coefficient (Figure S11).  

Self-assembly of the PVP-Trc conjugate. The self-assembly of linear amphiphilic 

diblock copolymers, induced by selective solvation in aqueous solutions, is a well-established 

field of study.50 Structural parameters including overall degree of polymerization, block ratios 

and architecture, as well as experimental parameters such as temperature, pH and concentration 
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can be used to tune aggregate morphology.51 Typically, the amphiphilic block copolymer is 

dissolved in a common solvent, before adding water to induce the aggregation of the 

hydrophobic block segment (Scheme 3), and water addition is continued to transform 

morphology52 and/or stabilize the formed aggregate.50 The self-assembly of non-linear hybrid 

materials such as cyclic-peptides-block-linear polymers is also particularly interesting due to 

potential applications in therapeutics 33 and separation technologies.53 Significant strides are 

being made in understanding the parameters which govern the self-assembly of cyclic peptides-

block-linear polymers, including the cyclic peptide’s amino acid sequence, the linear polymer’s 

chain length, the number of linear polymers tethered to the peptide, concentration and 

additives.53  

 

Scheme 3. Schematic representation of the PVP-Trc conjugates self-assembly process. 

With the goal of preparing spherical micelles by self-assembling the PVP-Trc conjugates 

(Scheme 3), we prepared aggregate solutions of our conjugates by slowly adding water to DMF 

(common solvent) solutions of the conjugates until water was in excess to DMF. This was done 

to kinetically stabilize the formed aggregates before completely removing the DMF by 

dialysing against water with 10 000 MWCO dialysis tubing. The resultant conjugates were 

characterized by TEM and DLS as depicted in Figure 3. 

Tyrocidine

PVP

Acid labil linker

Targeted ligand
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TEM analysis revealed the formation of spherical aggregates for conjugates formed with both 

PVP4K and PVP9K
 (Figure 3 (A) and (C)). The average sizes of the spheres derived from TEM 

images were 206 nm and 124 nm for PVP4K-Trc and PVP9K-Trc, respectively (Figure 3 (B) and 

(D)). DLS characterization revealed aggregate average sizes of 356 nm and 266 nm for PVP4K-

Trc and PVP9K-Trc, respectively (Figure 3 (E)), which highlighted that the self-assembled 

aggregates derived from higher Mn = 9300 g·mol-1 were smaller than the ones derived from the 

lower Mn = 4000 g·mol-1, supporting the observations from TEM analysis. A similar 

observation was made by Lonsdale and Monteiro, who prepared so-called tadpole-shaped 

cyclic polystyrene-block-polyacrylic acid copolymers,54 and Tang et al.55 who analysed 

micelle-forming ABC triblock copolymers. The critical micelle concentration (CMC) of the 

PVP-Trc conjugates was determined by fluorimetry using a pyrene probe56 (Figure 3 (F)). It is 

known that the lower the CMC value, the more thermodynamically stable the constructs. The 

CMCs of PVP4K-Trc and PVP9K-Trc conjugates were found to be 5.0  10-2 mM and  

3.5  10-2 mM, respectively, corroborating the TEM and DLS findings by infering greater 

thermodynamic stability for the higher molecular weight conjugates. 

Aggregate morphologies formed by self-assembly of linear block copolymers can be 

thermodynamically controlled by varying block ratios. Long hydrophilic to hydrophobic block 

ratios produce spherical micelles, shorter hydrophilic to hydrophobic ratios produce lamellar 

morphologies and cylindrical aggregates are produced in a narrow window of block ratios.57 

The aggregate morphologies observed herein suggest that the self-assembly process observed 

the same precepts controlled by the ratios of hydrophilic to hydrophobic blocks. It is reasonable 

to assume the observed morphologies are close to equilibrium structures since water was added 

very slowly to DMF solutions of the polymer-peptide conjugates. 
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Earlier in the study, we described the synthesis of α-aldehyde, ω-thiol, heterotelechelic 

PVP, which was subsequently modified by incorporating a GSRSKGT targeting ligand on the 

α end-chain and tyrocidine on the ω end-chain, to yield PVP-Trc bioconjugates capable of self-

assembly into spherical aggregates. In our previous work, model compounds were employed 

to modify heterotelechelic PVP end-groups, to yield a model drug delivery construct. The 

release capacity of the model drug construct was evaluated by cleaving the β-thiopropionate 

ester linkage under mild acidic conditions.34 We followed up on the findings of the model study 

by evaluating the ease of release of tyrocidine from the PVP-Trc conjugates. The potential 

activity and selectivity of the bioconjugates were evaluated against asexual P. falciparum 

infected erythrocytes, by determining the IC50 and HC50. 



 24 

 

Figure 3. TEM images and DLS analysis corresponding to the aggregates formed from PVP4K-

Trc conjugate (Images A and histogram B) and PVP9K-Trc conjugate (Images C and histogram 

D). The size distribution profiles for both PVP-tyrocidine conjugates are shown in (E). CMC 

determination by fluorescence intensity (pyrene) for PVP4K-Trc and PVP9K-Trc conjugates is 

shown in (F). 
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Tyrocidine release studies. A qualitative study was performed on the release of 

tyrocidines over time as monitored by UPLC-MS (Figure 4). PVP3K, Mn = 2700 g·mol-1, was 

conjugated to tyrocidine using methods earlier described to yield conjugate 5. Low molecular 

weight PVP was employed to facilitate ionisation under normal MS conditions. A freeze-dried 

sample of the conjugate was dissolved in a phosphate buffer (pH = 5.5). Samples were taken 

at the onset of the study and after 14 h, immediately frozen in liquid nitrogen and stored until 

analysis. The average molar mass of the conjugate is approximately 4000 g·mol-1, hence, the 

penta-charged molecular ion (733.97 Da) was chosen to represent the conjugate, while TrcA 

was selected for monitoring the released tyrocidines. It is important to highlight that the 

chromatogram shown at 0 h is not an absolute control because of the time taken for the sample 

to thaw prior to injection. Consequently, released tyrocidines are seen in the chromatogram 

(Figure 4(A)). However, from the onset, t = 0, to the end of the experiment, t = 14 h, the count 

of the released tyrocidines (TrcA) increased substantially from 140 to 844 (Figure 4(C) and 

4(F)). 
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Figure 4. UPLC-MS chromatograms of the release of tyrocidine from PVP-Trc conjugate 5 

over 14 h at pH = 5.5. The penta-charged molecular ion at m/z 733.97 represents the conjugate. 

TrcA represents the released tyrocidines. (A) and (D) represent the extracted ion 

chromatograms of Trc A at 0 h and 14 h. (B) and (E) represent extracted ion chromatograms 

of the PVP-Trc conjugate pentavalent ion (733.97) at 0 h and 14 h respectively. (C) and (F) 

represent the UPLC chromatograms for conjugate 5 after 0 h and 14 h respectively. 

The breakdown of the individual tyrothricin components released is given in Figure 5. Each 

peak is labelled with its retention time, major m/z detected (doubly charged) and molecular 

count. Two important observations are derived from the deconvoluted chromatograms. First, 

the chromatograms show that all three major tyrocidine species are released without any 

alterations to the original structural state. This is important because some studies have reported 

diminished biological activity as consequence of structural modification of drugs, which 

inevitably interferes with mechanisms of action and uptake.58 Second, the three main 

tryptocidine species were also released. This was not anticipated as tryptocidines are 

conjugated through L-Orn or L-Lys residues which results in amide formation. However, the β-

thio moiety appears to have destabilised both the ester and amide linkages under acidic 

conditions.  
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Figure 5. Extracted ion chromatograms from the UPLC-MS analysis of the individual 

components of released tyrocidines and tryptocidines. The chromatograms are labelled on the 

left side with retention time of detected peptide ion (min, top value), m/z detected for doubly 

charged molecular ion (middle value) and ion count (bottom value). 

In vitro activity of the PVP-Trc conjugates towards the asexual erythrocytic stages 

of P. falciparum. Our hypothesis for the inhibition of asexual erythrocytic parasites is based 

on potential uptake of the conjugates and subsequent targeted release of Trc from PVP in the 

infected cells due to low pH in the parasite’s food vacuole. Alternatively, the Trcs can be 

released just outside the cells due to localised lower pH, because of the anaerobic production 

of high levels of lactate/lactic acid by the growing malaria parasite.59, 60  Localised release 

would be highly beneficial as the tyrocidines then pass over the membrane due to their 

amphipathic character61, 62 and exert their activity on the parasite targets. The goal was 

therefore to determine the in vitro anti-plasmodial activity of the conjugates in comparison with 

free Trc. For this comparison we utilised the IC50 and selectivity towards infected erythrocytes 

based on the HC50. The IC50 values of the conjugates were determined using the SYBR Green 

I based assay on NF54 strain of P. falciparum parasites. Dose-response curves are shown in 
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Figure 6 whilst Table 2 summarises the data in the form of IC50 and HC50 concentrations, and 

selectivity index (SI) for the various conjugates towards infected erythrocytes. According to 

the IC50 parameter there was approximately a 35-fold loss in activity for the PVP-Trc 

conjugates relative to the free Trc preparation (Table 2 and Figure 6(A)), indicating that the 

Trc is not taken up as effectively into the parasite when ligated to PVP.  The activity loss could 

be because of the particle size hindering uptake, although localised release is still possible. 

However, regardless of how the Trcs reach their target, the general activity PVP-Trc remained 

in the ng·mL-1 range, inferring good in vitro activity against P. falciparum infected 

erythrocytes. However, the haemolytic activity of the PVP-Trc conjugate was significantly 

lower compared to unconjugated Trc preparation (Figure 6(B)). There was no significant 

difference in activity between the two conjugate groups differing in size, i.e. in the case of both 

non-targeted (1, 2) and targeted (3, 4) conjugates (Figure 6(A)). However, the antimalarial 

activity of the conjugates with similar size differed significantly with respect to the presence 

of the targeting ligand (Figure 6(A)). These observations suggest that PVP-tyrocidine 

conjugates decorated with the targeting moiety target the infected erythrocytes more efficiently 

in comparison to the conjugates without the targeting ligand.  
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Figure 6.  Dose-response evaluation of Trc and PVP-Trc conjugates against P. falciparum 

parasites and human erythrocytes. Activity and haemolytic toxicity of non-targeted (1, 2) and 

targeted (3, 4) PVP-Trc conjugates. (A) Comparative histogram of the IC50 activity parameters 

for free Trc and PVP-Trc conjugates towards P. falciparum infected erythrocytes. (B) 

Comparative histogram of the HC50 haemolytic parameter for Trc and PVP-Trc conjugates 

towards normal erythrocytes. Dose-response of (C) free Trc, (D) PVP4K-Trc and (E) PVP9K-

Trc conjugates towards P. falciparum infected erythrocytes (grey symbols) and normal 

erythrocytes (clear symbols). For all graphs, data are the mean of three independent 

determinations with standard error of the mean. 

Haemolytic toxicity determination. To ensure that the in vitro activity observed for 

the PVP-Trc conjugates was not just due to haemolysis induced by the Trc, the in vitro 

haemolytic activity of the PVP-Trc conjugates was determined on human erythrocytes 

compared to that of Trc alone. Haemoglobin is released from erythrocytes with a compromised 

membrane integrity, by measuring its absorbance, the fraction of erythrocytes that no longer 

have an intact membrane, i.e. non-viable erythrocytes, is directly determined.15, 63 The 

concentrations leading to 50% haemolysis (HC50) for the conjugates 1-4 are summarised in 

Table 2 and Figure 6(E).  
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Table 2. Summary of activity and toxicity parameters (IC50, HC50 and SI) of Trc and its 

conjugates with PVP with erythrocytic stage of P. falciparum as target  

Sample 

Activity against P. 

falciparum infected 

RBC in ng/mL (nM) 

Haemolytic Toxicity 

towards human 

erythrocytes in 

ng/mL (nM) 

Selectivity Index 

(SI) 

IC
50

 ± SEM* HC
50

 ± SEM* HC
50

 /IC50 

Tyrocidine 

mixture 
1.1 ± 0.7 (0.83)  115 ± 13 (87) 105 

Conjugate 1
a 49 ± 6.3 (37) 563 ± 57 (425) 11 

Conjugate 3
b 27 ± 5.3 (20) 516 ± 34 (389) 19 

Conjugate 2
c 46 ± 6.5 (35) 2176 ± 457 (1641) 46 

Conjugate 4
d 30 ± 4.2 (23) 1200 ± 200 (905) 40 

*Data are means of three independent biological replicates ± SEM for the proliferative and haemolysis assays. aα-

propyl-PVP4K-Trc, nM concetrations were calculated from the average Mr of 1325.8 of the Trc preparation (refer 

to Table S3) b α-GSRSKGT(2%), propyl(98%)-PVP4K-Trc, cα-propyl-PVP4K-Trc, dα-GSRSKGT(2%), propyl(98%)-

PVP9K-Trc.  

All the tested preparations show appreciable selectivity towards the parasitized 

erythrocyte, with the free Trc preparations having the apparent highest selectivity at 105. This 

selectivity of Trcs correlates with previous reports.16, 36 However, it is important to highlight 

that SI only considers a narrow concentration and activity response, which can be misleading, 

specifically if the free Trc SI of 105 is taken as is. One must consider the entire dose response 

from which we observed that the free Trc complex appears to lose some of its selectivity at 

>1.1 mg·mL-1 and shows almost no selectivity at >80% of the activity response. All of the Trc-

PVP the conjugates were observed to be selective over the whole concentration range (compare 

dose response graphs in Figure 6(C-E)). 

PVP-Trc conjugates showed 4- to 19-fold lower haemolytic activity towards 

erythrocytes relative to free Trc which is a significant reduction in toxicity (refer to Figure 6(B) 

for statistical details). This suggests that conjugation of tyrocidine to PVP and the subsequent 

self-assembly decreases the inherent haemolytic activity of the Trc preparation. Furthermore, 

the size differences between the conjugates derived from low molecular weight PVP4K (1, 3) 
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and high molecular weight PVP9K (2, 4) appear to play a role in influencing the haemolytic 

toxicity (Figure 6(B) and Table 2). Therefore, increasing the molar mass of PVP 

(approximately 2-fold) seems to lower haemolytic toxicity even further, which could indicate 

effective shielding of the toxic peptide in the conjugate particle. This suggests different sized 

nanomaterials cannot only be viewed as therapeutic carriers but can also play crucial roles in 

mediating biological function and toxicity.64  

  The influence of the targeting ligand on haemolytic activity seems to be dependent on 

conjugate size, for the conjugates with lower Mn, the ligand appears to have an insignificant 

influence, whilst a significant difference (P<0.05) is observed for the higher Mn. It could be 

hypothesised that the smaller particle size of the higher Mn conjugates allows more ligand-

membrane interactions per particle and this then benefits of polymer-peptide conjugation 

recognition and selectivity for infected cells.  

From a drug safety point of view, it is important to note that for all conjugates, their 

IC50 values were significantly below their HC50 values, signifying that the conjugates target 

infected erythrocytes before lysing healthy erythrocytes as substantiated by selectivity indices 

(SI) above 10 (Table 2).36 Although the conjugates are 11-47 fold more selective towards 

infected erythrocytes than healthy erythrocytes, this selectivity remains over the whole 

concentration range, which is not the case for the free Trc (refer to Figure 6 and discussion 

above). Crucially, all conjugates showed significantly (P<0.05, n=3) lower cytoxicity (cell 

viability   95%), relative to free Trc (cell viability ≥ 62%) against HepG2 cells at 10 g/mL 

(Table S5 and Figure S12). 

Cell imaging of PVP-Trc conjugate-treated P. falciparum cultures. Light 

microscopy and confocal fluorescence microscopy CFM were employed to evaluate the effect 

of PVP-Trc conjugates on P. falciparum infected erythrocytes. Smears of the conjugate-treated 
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parasite cultures and growth control were taken at 24 h and subsequently stained with Giemsa, 

which stains the malaria parasite purple when viewed under the light microscope. The growth 

control with healthy parasites after 24 h is shown in Figure 7 (A) while PVP-Trc conjugate-

treated P. falciparum infected erythrocytes (Figure 7 (B) shows complete elimination of the 

parasite, post treatment. Similarly, smears of the PVP-Trc conjugate-treated parasite cultures 

and growth controls were taken at 48 h and prepared for CFM analysis. Conjugate 3 was tagged 

with 1% of fluorescein to visualise the distribution of the nanoparticles between normal 

erythrocytes and parasite infected ones. The growth control image (Figure 7(C)) shows some 

autofluorescence, however, the fluorescence intensity increases significantly post-treatment 

(Figure 7(D)). The intense fluorescence which is visible on the circumference of the cells can 

be explained by referring to the activity results (Figures 6(A) and (B)).  
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Figure 7. Giemsa-stained (A, B) and CFM (C, D) blood smear images from P. falciparum 

cultures treated with PVP-Trc conjugate (for 24 h). (A) and (C) are growth controls with red 

arrows showing the parasites in cells. (B) and (D) are post-treatment images with white arrows 

showing dead parasite outside of cells.  

The incorporation of the targeting ligand likely leads to enhanced accumulation on or in the P. 

falciparum infected erythrocytes. However, despite the differing fluorescence intensity on the 

cells, Figure 7(D) shows that the nanoparticles are present in and around both infected and 

normal erythrocytes. This could be a consequence of the parasite protein that is shed during the 

invasion process,65-68 which associates with uninfected erythrocyte membranes leading to 

detection by the targeting ligand. The activity results, however, show better selective activity 

of the ligand tagged nanoparticles, which did not translate into the haemolytic toxicity, 

indicating that the interaction with uninfected erythrocytes cells are non-productive.  

 

(A) (C)

(B) (D)
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CONCLUSIONS 

The synthesis of targeted PVP-tyrocidine drug delivery constructs was facilitated by RAFT 

mediated polymerization which allowed for the post-polymerization incorporation of a 

malaria-specific targeting peptide, GSRSKGT, on the α-chain end via reductive amination. 

Tyrocidine, an antimicrobial peptide, was coupled on the ω-chain end via thiol-ene coupling. 

The resultant constructs were characterized and then self-assembled in aqueous media into 

micellar aggregates whose sizes had an inverse relationship with PVP chain length. We were 

also able to show that the peptides from the Trc preparation are released over time when 

exposed to acidic environments. The selective activity of the conjugates as drug delivery 

systems against P. falciparum infected erythrocytes showed that this type of conjugation of a 

toxic compound, in this case the Trcs, has good potential and that targeting is possible. Most 

notably, the targeted GSRSKGT conjugates exhibited higher selective activity relative to the 

non-targeted conjugates. Furthermore, the Trc conjugates derived from higher molecular 

weight PVP exhibited lower haemolytic toxicity relative to conjugates derived from lower 

molecular weight PVP. This suggests that higher molecular weights and optimised ligand 

density could potentially result in higher activity, lower toxicity, and consequently high 

selectivity indices for otherwise non-selective toxic compounds. Our conjugation approach 

with α-aldehyde, ω-thiol PVP and end-chain functionalization has the potential to create the 

so-called “silver bullet” as it allows for ligand-type targeting and programmed release of a 

therapeutic compound that would otherwise not be clinically viable because of toxicity and/or 

limited stability. 
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