
1 

 

A Facile Route to Targeted, Biodegradable 

Polymeric Prodrugs for the Delivery of Combination 

Therapy for Malaria 

Lisa Fortuin†, Meta Leshabane§, Rueben Pfukwa†*, Dina Coertzen§, Lyn-Marie Birkholtz§, Bert 

Klumperman†*  

†Department of Chemistry and Polymer Science, Stellenbosch University, Private Bag X1, 

Matieland 7602, South Africa 

§ Department of Biochemistry, Genetics and Microbiology, Institute for Sustainable Malaria 

Control, University of Pretoria, Private Bag X20, Hatfield 0028, South Africa. 

 

 

 

 

 

 

 

 

 



2 

 

ABSTRACT: A facile synthetic methodology has been developed to prepare multi-faceted 

polymeric prodrugs that are targeted, biodegradable and non-toxic, used for the delivery of a 

combination therapy. This is the first instance of the delivery of the WHO recommended 

antimalarial combination of lumefantrine (LUM, drug 1) and artemether (AM, drug 2) via a 

polymeric prodrug. To achieve this, RAFT-mediated polymerization of N-vinylpyrrolidone (NVP) 

was conducted using a hydroxy-functional RAFT agent, and the resulting polymer used as the 

macroinitiator in the ring-opening polymerization (ROP) of α-allylvalerolactone (AVL) to 

synthesize the biodegradable block copolymer of poly(N-vinylpyrrolidone) and poly(α-

allylvalerolactone) (PVP-b-PAVL). The ω-end thiol group of PVP was protected using 2,2’-

pyridyldisulfide prior to the ROP, which was conveniently used to bioconjugate a peptidic targeting 

ligand. To attach LUM, the allyl groups of PVP-b-PAVL underwent oxidation to introduce 

carboxylic acid groups, which were then esterified with ethylene glycol vinyl ether. LUM was 

lastly conjugated to the block copolymer via an acid-labile acetal linkage in a ‘click’-type reaction 

and AM was entrapped within the hydrophobic core of the self-assembled aggregates to render the 

biodegradable multi-drug loaded micelles for combination therapy with targeting ability.  
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INTRODUCTION 

Polymeric prodrugs, i.e. covalently linked polymer-drug conjugates, are a key element in the very 

important field of polymer therapeutics.1, 2 They have progressed significantly from the original 

polymeric prodrug introduced by Ringsdorf,3 to modern systems based on amphiphilic block 

copolymer (BCP) micelles, which can also be classified as polymeric prodrugs if the drugs are 

covalently bound to the BCP polymeric carrier.4-6 As with small molecule surfactants, amphiphilic 

BCPs also self-assemble into nanosized core-shell micelles, with a hydrophobic core surrounded 

by a hydrophilic shell. Polymer based micelles, however, are more stable.7-9 The BCPs are usually 

composed of hydrophilic and hydrophobic block segments, the characteristic lengths of which 

determine the micelles’ physiochemical properties. Ideal micellar carriers should demonstrate 

biocompatibility, a high drug loading capacity, stability and controlled drug release.6, 8 The 

hydrophobic drugs are conjugated to the hydrophobic segment, and upon self-assembly into 

micelles, the drugs are located in the micelle core. Use of micellar polymeric prodrugs increases 

the aqueous solubility and stability of hydrophobic drugs, prolonging blood circulation10 and 

improving biodistribution.8 Also, nanosized micellar polymeric prodrugs have the ability to 

specifically target tissues or cells via active or passive mechanisms, resulting in lower off-target 

toxicities and improved therapeutics.8, 11 At the site of action, specific events are initiated which 

ultimately lead to the activation of the therapeutic agent at the targeted site.1, 2, 6 

Modern polymer synthesis techniques such as reversible addition-fragmentation chain transfer 

(RAFT)-mediated polymerization and ring-opening polymerization (ROP) have been instrumental 

in the development of well-defined polymers with predictable molecular weights, low molar mass 

dispersity (Ð) and tailored functionalities in pendant or terminal positions.12, 13 This has enabled 

access to a wide range of functional amphiphilic BCPs for use in nanomedicine. Several polymers 

have been used as hydrophilic block segments, including polyethylene glycol (PEG), poly(vinyl 

alcohol) (PVA) and poly(N-vinylpyrrolidone) (PVP).6, 8 We are particularly interested in PVP 
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based BCPs due to PVP’s excellent water solubility, biocompatibility, chemical stability and facile 

polymerizability into well defined, end-functional polymers via the RAFT process.14-20 Hydroxy-

functional RAFT agents give rise to telechelic PVP-OHs with readily accessible thiols and -OH 

functionalities that can initiate ROPs with core forming blocks. Functional hydrophobic core 

forming blocks have been prepared from polypeptides,21, 22 polyesters23, 24 and vinyl polymers.6, 8 

Polypeptide and polyester based systems have the additional benefit of being degradable through 

hydrolysis into benign, excretable small molecules.25, 26 Polyesters display an enhanced 

encapsulation of hydrophobic drugs, and form thermodynamically and kinetically stable micelles. 

Poly(δ-valerolactone) (PVL), a biodegradable, biocompatible aliphatic polyester, is relatively 

unexplored compared to poly(ϵ-caprolactone) (PCL), despite having similar physicochemical 

properties and shorter degradation times than the more commonly used PCL. In fact, PVL is 

comparable and exceeds PCL in certain aspects as a component of polymeric drug delivery 

devices.27-29 The lactone monomers for PVL and PCL are also functionalizable, enabling the 

synthesis of polyesters with pendant reactive handles applicable in biomedicine.30-33 In light of this, 

amphiphilic BCPs composed of PVP and PVL derivatives are potentially appealing for preparing 

polymer-drug conjugates, in particular for complex systems such as combination therapy.  

Combination therapy, which is the simultaneous administration of two or more drugs, can bring 

about synergistic effects and help to limit the occurrence of drug resistance, by using drugs with 

complementary mechanisms of action which control different signaling pathways, minimizing 

adverse effects and leading to better long-term prognosis.25, 34, 35 Combination therapy is being used 

to combat malaria in order to prevent the emergence of resistant organisms.36 Malaria, the world’s 

most prevalent parasitic disease, is caused by species of Plasmodium, with P. falciparum the most 

lethal species associated with mortality in Africa.37 There is continued need for new malaria 

treatments due to Plasmodium’s alarming gain in resistance to antimalarials. Some therapeutics are 

associated with poor intrinsic characteristics (low water solubility and low stability) and may 
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require complex administration routes.37-39 There are increasing efforts to treat malaria using 

nanosized assemblies of polymeric prodrugs to capitalize on the benefits of nanomedicines, which 

include improvements in the stability and water solubility of hydrophobic drugs. Target-specific 

delivery may allow for the use of potentially toxic antimalarials, and help to rejuvenate old drugs.40, 

41  The combination of artemether (AM) and lumefantrine (LUM), known as AL (CoArtem), is 

currently recommended by the World Health Organization for the treatment of uncomplicated 

malaria due to the different yet synergistic modes of action which eradicate parasitemia and impede 

drug resistance.36, 42 AM, with its short plasma half-life, rapidly eliminates parasitemia with LUM 

eliminating any residual parasitemia over longer times. The combined treatment, however, is 

complex, requiring 2 doses per day along with fat-coadministration to improve the absorption of 

the lipophilic LUM.43 To the best of our knowledge, this drug combination has never been delivered 

using nanocarriers. This may help to solve issues around LUM’s poor uptake as well as AM’s short 

plasma half-life and low stability.  

Herein, simple methods were used to develop a biodegradable, targeted, non-toxic polymeric 

prodrug based on PVP and a derivative of poly(δ-valerolactone) (PVL) functionalized with 

ethylene glycol vinyl ether (VE), i.e. PVP–PVL/VE BCPs, for the delivery of the AM and LUM 

antimalarial drug combination. The BCP was prepared by first synthesizing α-hydroxy end-

functional PVP via RAFT-mediated polymerization, before using this as a macroinitiator in the 

ROP of α-allylvalerolactone (AVL). The allyl groups were then converted to carboxylic acid 

groups, before esterification with ethylene glycol vinyl ether (EGVE) to yield a reactive BCP 

scaffold bearing vinyl ether pendant groups. LUM was easily attached by acetalization, forming 

the polymer drug conjugate with acid-labile acetal polymer-drug linkers. Subsequent aqueous self-

assembly, with core-entrapment of AM, then resulted in the formation of a nanocarrier for AM and 

LUM, and subsequent focus was placed on drug release and in vitro studies.  
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RESULTS AND DISCUSSION 

Synthesis of the biodegradable block copolymer. α-Hydroxy end-functional PVP (PVP-OH) was 

synthesized via the redox-initiated aqueous RAFT polymerization of NVP using the xanthate chain 

transfer agent (CTA), 2-hydroxyethyl 2-(ethoxycarbonothioylthio)propanoate, bearing a hydroxy-

functional R-group (Scheme 1). Although RAFT-mediated polymerization controls a wide 

monomer range, it is important to choose an appropriate CTA by careful selection of the Z- and R- 

group of the CTA in order to achieve successful control over the polymerization. Xanthates are 

generally well-suited for the less-activated monomers such as NVP.44, 45 The synthesis of well-

defined polymers with low Đ values in the range of 1.1 and good RAFT end group fidelities (>95%) 

was achieved, as confirmed via 1H NMR spectroscopy (Figure S1, Table 1). Conversions were very 

high – to near quantitative (> 90%, Table 1). Polymer kinetics are shown in Figure S2 in the SI. 

The ω-xanthate end group of the PVP-OH was converted to a pyridyl disulfide (PDS)-protected 

thiol to limit side-reactions which could occur during the subsequent ROP and post-polymerization 

reactions. For example, xanthate Z-groups can be aminolyzed by the base catalysts used for ROP.46 

Such aminolysis reactions can produce free thiols which can also initiate ROP,47 and would likely 

react with the allyl-functional valerolactone via thiol-ene coupling. Moreover, the PDS group 

provides an efficient functional handle onto which a thiol-bearing targeting ligand can be attached 

once the polymeric prodrug is assembled. This was accomplished by aminolyzing the ω-xanthate 

end group using ethanolamine in the presence of excess 2,2’-pyridyldisulfide,48 to effect the ω-end 

group modification in one pot, accessing PDS-terminated PVP-OH (PDS-PVP-OH) in near-

quantitative conversions (Scheme S4). The successful synthesis of PDS-PVP-OH was confirmed 

by the appearance of the characteristic signals of the pyridyl ring at δ 8.4, 8 – 7.6 and 7.3 ppm in 

the 1H NMR spectrum (Figure 1a). PDS is insoluble in water so the appearance of its characteristic 

aromatic signals signifies that it was solubilized by attachment to the polymer’s chain end. SEC 

analysis before and after end group modification showed that the polymers had similar molar 
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masses and monomodal distributions indicating that there was no disulfide coupling between 

polymer chains (Figure 1b). 

 

Scheme 1. Synthesis route to PVP-OH and subsequent thiol-protected PDS-PVP-OH. 

 

Figure 1. a) 1H NMR spectrum of PDS-PVP-OH (D2O, 400 MHz) and b) overlaid molar mass 

distribution curves of PVP-OH (solid line) and PDS-PVP-OH (dashed line) (run 1 and 2, Table 1). 

Table 1. Synthesis and analytical details of PVP-OH and PDS-PVP-OH 

Polymer ∝ / yield a Time Temperature Mn,target 
b Mn,SEC 

c Mn,NMR 
d fRAFT 

e Đ 

 % h °C g·mol-1 g·mol-1 g·mol-1 %  

PVP-OH 90# 6 25 4000 4000 3900 98 1.1 

PDS-PVP-OH* 99 24 25 - 4000 3900 - 1.1 

PVP-OH 91# 6 25 12 000 11 800 11 200 96 1.1 

 PDS-PVP-OH* 96 24 25 - 11 800 11 100 - 1.1 

a Gravimetric yield, which also reflects gravimetric conversion of NVP to PVP-OH#, b Mn,target  is the targeted molar 

mass (Equation S1), c Mn,SEC is based on PMMA standards, eluent DMF, d Mn,NMR is determined by the ratio of integral 

signals of the xanthate end group to polymer backbone (Equation S2), e fRAFT is the RAFT end group fidelity (Equation 

S3), *PDS-PVP-OH prepared from immediately preceding PVP-OH. 
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The homo- and copolymerization of AVL with ε–caprolactone via stannous octanoate catalyzed 

ROP, has been reported.33 The allyl functionalities provide unique opportunities for further 

modification of AVL-based copolymers. Herein, AVL was synthesized according to the procedure 

by Molander and Harris, by treating δ–valerolactone (VL) with lithium N,N-diisopropylamide 

followed by allylbromide.49 The structure was confirmed by NMR and mass spectrometry (see SI).  

The organocatalytic anionic ROP of lactones is typically conducted with the guanidine 

organocatalyst 1,5,7-triazabicyclodecene (TBD) or the amidine organocatalyst 1,8-

diazabicycloundec-7-ene (DBU).50 Towards preparing well-defined PVP-PAVL BCPs, we 

investigated optimum conditions for the organocatalytic ROP (OCROP) of AVL with TBD and 

DBU, and compared this to the known OCROP of VL.51 The polymerization conditions of VL 

using 1-pyrenemethanol (1-PM) as the initiator with the organocatalysts TBD (run 1), DBU + TU 

(run 2) and DBU (run 3) are shown in Table 2. Lohmeijer et al. showed that TBD has a unique 

ability to simultaneously activate both the alcohol and the monomer, whereas DBU can only 

activate the alcohol, and required a cocatalyst for the ROP of VL.51  

Table 2. Polymerization and analytical details of PVLs, PVP-b-PVLs and PVP-b-PAVLs 

Polymer Cat. a Cat. 

loading 

Time 

h 

End group 

retention 
∝ b 

% 

Mn,target
 c

  

g·mol-1 

Mn,SEC 
d 

g·mol-1 

Mn,NMR 
e 

g·mol-1 

Đ f 

PVL TBD 2 mol% 0.1 ̴ 1 95 5200 4900 5300 1.1 

PVL DBU 

+ TU 

5 mol% 3 ̴ 0.5 82 5200 4100 4100 1.2 

PVL DBU 5 mol% 24 n.d f 22 5200 2300 n.d f 1.2 

PAVL TBD 2 mol% 0.1 ̴ 1 89 5200 4500 4300 1.1 

Label g Copolymer composition h Mn,theoretical 
i 

g·mol-1 

Mn,SEC 
j 

g·mol-1 

ƒphil
 k Đ f 

BCP1 PVP27-b-PVL53 5880 8300 0.3 1.1 

BCP2 PVP138-b-PVL100 22 5040 25 400 0.6 1.2 

BCP3 PVP138-b-PVL346 35 000 41 400 0.4 1.2 
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BCP4 PVP36-b-PAVL35 7800 9300 0.5 1.2 

BCP5 PVP138-b-PAVL63 18 800 24 100 0.7 1.2 

a ‘Cat.’ is ‘organocatalyst’ and DBU:TU is 1:1. b conversion of VL or AVL to PVL or PAVL, respectively, 

determined gravimetrically, c Mn,target = (
[monomer]

[initiator]
) · ∝ · Mr,monomer + Mr,initiator where ∝ = 1 for 100% conversion, d 

Mn,SEC is determined by SEC based on polystyrene standards, eluent THF, e Mn,NMR is determined by 1H NMR in 

CDCl3 as the ratio of the signals a of pyrene to e of the polymer backbone (Figure 3) f  Đ represents the dispersity 

from SEC (Mw / Mn), f n.d is not determined. g The organocatalyst is TBD (2 mol%) and proceeded to completion 

within 0.2 h, h estimated from SEC, i Mn,theoretical = (
[monomer]

[macroinitiator]
) · ∝ · Mr,monomer + Mr,macroinitiator where ∝ is the 

gravimetric conversion, j Mn,SEC is determined by SEC based on PMMA standards, eluent DMF, k ƒphil is the 

hydrophilic fraction estimated from the copolymer composition. All polymerizations and were conducted at 25 ºC.  

The homopolymers were analyzed by 1H NMR spectroscopy (Figure 2). Characteristic signals for 

the α- chain end (methylene protons f at 5.8 ppm) and for the ω-chain end (methylene protons b at 

3.6 ppm) were used to calculate the end group retention values in Table 2. With TBD catalysis 

(Figure 2a), the ideal integral ratio of α:ω end groups of ~1 was obtained, however, with DBU+TU 

(Figure 2b) a ratio of ~0.5 was obtained. DBU is a competent nucleophile, and has been shown to 

initiate the ROP of lactides and cyclic anhydrides in the absence of alcohol initiators,52-55 by 

nucleophilically attacking the cyclic monomers’ carbonyl carbon, generating a zwitterionic 

propagating species.56, 57 It is likely that DBU also initiates the ROP of VL since signals assignable 

to DBU are observed in the spectra of PVL as seen in Figure 2b. This would account for the 

discrepancy in the retention of the desired α:ω end groups observed via 1H NMR spectroscopy, 

with a fraction of the chains being initiated by 1-PM, and another by DBU, and also the slight 

increase in Ð. DBU based ROPs also proceeded to lower conversions in much longer reaction 

times, indicating more sluggish kinetics than in the case of TBD catalysis. Based on this, to avoid 

the DBU complications, TBD was used to promote the ROPs of VL and AVL in the block 

copolymer synthesis. Polymerizations of the block copolymers (BCPs, Table 2) proceeded to 

reasonably high conversions in short reaction times. Figures 3b and S4 show the molar mass 

distribution curves and 1H NMR spectrum of PVP-b-PAVL, respectively. PVP-OH was 

successfully chain extended with VL (Figure 3) and AVL, confirming the versatility of this system.  
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Figure 2. 1H NMR spectra of PVLs synthesized with a) TBD and b) DBU + thiourea catalysis 

(CDCl3, 400 MHz). 

 

Figure 3. a) Representative SEC chromatograms of PVP-OH and BCP1 and b) the molar mass 

distribution curve of BCP4. 

Modification and drug conjugation. The polymer-drug conjugate was prepared in three steps 

(Scheme 2) using PVP-b-PAVL (BCP4, Table 2). In the first step, the pendant allyl groups were 

quantitatively oxidized to carboxylic acid groups in a biphasic medium composed of DCM and 

acetic acid with KMnO4 in the presence of 18-crown-6.58 The successful reaction was confirmed 

by 1H NMR spectroscopy which showed the complete removal of PVP-b-PAVL’s vinyl signals 5.7 

ppm (=CH−) and at 5.0 ppm (=CH2) (Figure 4a and 4b) and 13C NMR spectroscopy (Figure S5), 

(a) (b)
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which showed the appearance of −COOH carbon. Subsequently, EGVE moieties were attached to 

the polyester block via the Steglich esterification with the pendant COOH functionalities to access 

the vinyl ether functionalized BCP. EGVE functionalization was confirmed using 1H NMR 

spectroscopy (~70 mol%), with the signals attributed to EGVE’s vinyl and methylene protons 

appearing between 6.5 – 3.5 ppm (Figure 4c). In the last step, LUM was conjugated to EGVE-

functionalized PVP-b-PAVL via acid-labile acetal linkages through a ‘click’-type reaction between 

the hydroxy group of LUM and the pendant vinyl ether groups.59 Figure 4d shows the 1H NMR 

spectrum of the LUM-functionalized block copolymer (22 mol%). 

 

Scheme 2. Synthesis route to the LUM prodrug.  
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Figure 4. 1H NMR spectra and chemical structures of a) PVP-b-PAVL, b) carboxylated PVP-b-

PVL, c) EGVE-functionalized PVP-b-PVL and d) LUM prodrug (CDCl3, 400 MHz).  

The SEC curve of the LUM prodrug was monomodal and symmetrical (Figure 5a, Đ = 1.4), 

indicative of one molar mass distribution. Diffusion-ordered NMR spectroscopy (DOSY) was used 

to provide further evidence of successful LUM conjugation to the BCP. DOSY analysis produces 

two-dimensional correlation maps with chemical shifts on the horizontal axis and diffusion 

coefficients on the vertical axis. NMR signals of nuclei on the same molecule are correlated with 

the same diffusion coefficient, in the absence of intermolecular interactions or chemical exchange, 

allowing for the differentiation of NMR signals produced by molecules with different sizes.60, 61 

Figure 5b shows the DOSY map of the polymer-drug conjugate; the resonances of the BCP 

backbone and the LUM drug have the same translational mobility, indicating that they are linked 

together and that drug conjugate formation was successful.  
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Figure 5. a) Molar mass distribution from SEC and b) DOSY spectrum of the LUM prodrug. 

Preparation and characterization of AM loaded polymer-prodrug micelles. AM, drug 2, is a 

poorly water soluble drug with a solubility of 114 mg·L-1 at pH 7.0. Poor water solubility of drugs 

is one of the most critical problems in drug development, as water solubility influences drug 

pharmacokinetics and pharmacodynamics.62 This limitation can be overcome by encapsulating 

drugs inside BCP micelles,6, 8 and this approach was used herein to entrap AM within the 

hydrophobic core of LUM prodrug micelles. The drug loaded micelles (DLMs) were prepared by 

dissolving the BCP-LUM conjugates and AM in THF, followed by the slow addition of water, a 

non-solvent for both the hydrophobic LUM functionalized polyester block and AM, to drive 

micelle formation by self-assembly. TEM analysis of DLMs (Figure 6a) revealed the formation of 

uniform spherical aggregates with diameters of ~25 nm. Analysis by dynamic light scattering 

(DLS) corroborated the presence of assemblies (Figure 6b), however, with a diameter of ~114 nm, 

much larger than deduced from TEM. This discrepancy is largely as a result of drying effects 

encountered with TEM, as the aggregates are dried under vacuum and are measured in the dry state, 

compared to the solvent-swollen aggregates measured using DLS. The size of the DLMs is above 

the upper limit (70 nm) described for passive targeting of Plasmodium infected red blood cells,63 
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via the so-called new permeation pathways (NPPs), which impart an enhanced permeability to 

infected red blood cells (iRBCs) post invasion. It has been established that macromolecules and 

nanoparticles can gain access to the intracellular parasite, without going through the host cytosol 

through various types of NPPs.64, 65 It is not clear, however, which mechanism (or combination of 

mechanisms) enables the delivery of antimalarials into infected red blood cells.66 Nonetheless, 

there is an increasing number of reports seeking to capitalize on this iRBC ‘leakiness’ to enable the 

uptake of polymer prodrugs and drug loaded nanoparticles into iRBCs for antimalarial 

chemotherapy.67  

 

Figure 6. a) TEM image with the average size (Dcore) and size distribution, and b) DLS curve with 

the average hydrodynamic size (Dh) of DLMs. 

Figure 7 shows the DSC endotherms of AM and the DLM. Pristine AM exhibits a melting 

endotherm at 88.1 °C, ΔH: 61.2 J·g-1, consistent with literature values between 86 – 90 °C.68 The 

DLM, however, does not exhibit this melting endotherm, suggesting that the entrapped AM is in a 

dispersed state in the DLM core. Crystalline drugs dissolve and diffuse slowly into the outer 

aqueous environment, influencing drug release kinetics.69 LC-MS analysis showed that the drug 

loading content (DLC) and entrapment efficiency (EE) of AM in the DLM was 14 wt.% and 60%, 

respectively, and the DLC of LUM in the DLM was 27 wt.%. The DLCs obtained here compare 

favorably against known values of hydrophobic drugs which are often between 5 - 25 wt.%.9, 30 In 



15 

 

fact, lower DLCs (<10 wt.%) have been reported for BCP drug delivery systems with 

semicrystalline core forming blocks, where the crystallinity limited the solubility of the 

hydrophobic drugs within the micelle cores.70, 71 

 

Figure 7. DSC thermograms of AM (dotted curve) and DLM (line curve) over the characteristic 

melting endotherm area of crystalline AM. Second heating cycle shown. 

The critical micelle concentration (CMC) is the threshold at which unimers assemble into micelles, 

therefore, the lower the CMC value, the more thermodynamically stable the micelles. The CMC of 

the DLMs was measured by fluorimetry using pyrene as a probe,72 (Figure 8a) and was found to 

be 2.0  10-3 mg·mL-1. For a comparison, the CMC of empty micelles (EM) assembled from PVP-

b-PAVL of the same composition, was found to be 5.2  10-3 mg·mL-1, indicating greater 

thermodynamic stability for the DLMs. Drug-core interactions are known to enhance the 

thermodynamic stability of block copolymer nanostructures.73  

The kinetic stability of the DLMs was investigated by measuring the average hydrodynamic 

diameter of the aggregates as a function of time, in phosphate buffered saline (PBS) and in 

PBS/fetal bovine serum (to mimic physiological conditions), at 37 °C (Figure 8b). The stability of 

polymer prodrug micelles in the physiological environment is a major concern, as destabilization 

by opsonin proteins in blood plasma is known to occur in vivo.74 The DLMs were found to be stable 

for five days in PBS and four days in PBS/FBS as after this time, dissociation into unimers likely 
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occurred. Another indication of micelle instability is the formation of multi-modal aggregates with 

larger hydrodynamic volumes, more commonly observed for DLMs in PBS (2100 nm after 14 

days, data not shown). PVP hydrophilic chains presumably ‘shielded’ the hydrophobic core 

(composition 1:1 wt. fraction) allowing for prolonged micelle stability in aqueous media. Micelles 

were likely destabilized more quickly in PBS/FBS due the aforementioned serum proteins, able to 

adsorb on the DLMs to accelerate the destabilization process after a critical point.72 

 

Figure 8. a) Fluorescence intensity of I337 nm/I333 nm for pyrene as a function of the logarithm of 

concentration of micelles self-assembled from EMs and DLMs, and b) the kinetic stability of DLMs 

at 37 °C in PBS (pH 7.4) and PBS/FBS over several days. 

After the invasion of an RBC by the Plasmodium parasite, it endocytoses and digests two-thirds of 

the host cell’s contents within its acidic food vacuole, which appears to be a non-discriminative 

process without the need for receptors to bind particular substrates.75 The ability of the drug 

delivery system to remain stable in neutral media and degrade in acidic media is important because 

the system is designed to degrade and release the drugs in low pH environments similar to the ones 

present in the parasite’s food vacuole,76 upon uptake. The drug release from the DLM was studied 

in a PBS buffer (pH 7.4) and in an acetate buffer (pH 5) at 37 °C using the dialysis technique. The 

cumulative% drug release curves of LUM and AM are shown in Figure 9a and b, respectively. 
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After three days, approximately 70±5% of LUM and AM had been released at pH 5.0 compared to 

⁓20% at pH 7.4. Importantly, the drug release was enhanced under acidic conditions and no burst 

release had occurred. Burst release is a phenomenon whereby an initial, large bolus of drug is 

released before the release rate can become stable. It could be harmful to the patient due to the 

toxicity of the drug(s) exposed to healthy organs and tissues, and could also lead to a reduction in 

the system’s lifetime, reducing its economic viability.  

 

Figure 9. Cumulative % drug release of a) LUM and b) AM at pH 5 (acetate buffer) and at pH 7.4 

(PBS buffer) and pH 5.0 (acetate buffer) from DLMs. 

Conjugation of the targeting ligand to the polymeric prodrug. After establishing that the DLMs 

conjugate was kinetically and thermodynamically stable, and disassembled in response to a pH 

trigger, we also functionalized some of the DLMs with the peptide ‘GSRSKGT’ to form ligand 

tagged DLMs (L-DLM), to determine whether this would enhance the uptake into iRBCs. A study 

by Eda et al. evaluated the targeting efficacies of peptidic targeting ligands for Plasmodium-

infected RBCs,77 including ‘GSRSKGT’, which displayed a relatively low targeting efficacy, 

however, we opted to use ‘GSRSKGT’ because the other peptides are larger and more hydrophobic, 

which in our case may complicate the self-assembly process. To bioconjugate the ligand to DLMs, 

the N-terminus of the ligand was modified using succinimidyl 3-(2-pyridyldithio)propionate 

(SPDP) to have a pyridyl disulfide (PDS)-terminated end group. The modification reaction was 
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conducted at a pH of 9, which is ⁓2 units lower than the pKa of the ε-amino groups, limiting 

interference (Scheme S6).78 Modification of only one amino moiety was confirmed via positive 

mode ESI-MS and a DTT assay (see SI). Following this, the thiol protected SPDP-modified peptide 

was deprotected using DTT and attached to the PDS end-modified PVP block through disulfide 

exchange at pH 7 in PBS (Scheme 3). A ligand density of approximately 12 ± 3 mol% of the 

polymer chains were tethered to the peptide using the DTT assay, with SPDP terminating the 

remainder of PVP’s end groups. The general recommendation for effective ligand densities is that 

overcrowding of the aggregate be avoided. Optimization of the degree of ligand functionalization 

should take place after the initial efficacy studies. 

 

Scheme 3. Bioconjugation of the thiol terminated targeting ligand to the LUM prodrug. 

Haemolytic activity. The haemolytic activity of the nanoaggregates in comparison to free AL drug 

was determined following a 48 h treatment with uninfected RBCs, as described by Rautenbach et 

al.79 The AL-DLM and AL-L-DLM showed significantly decreased haemolytic activity (< 0.1%, 

P < 0.05) compared to free AL drug (~7% haemolysis) at both 5 and 10 µM (Figure 10a), with no 

haemolytic activity observed for EM (10 µM, results not shown). This indicates that encapsulation 

of free AL drug into nanoaggregates decreases the lytic activity of the drug towards uninfected 

erythrocytes.  

Cytotoxicity. To determine if the nanoaggregates decrease the in vitro cytotoxicity compared to 

free AL drug, their respective activities against mammalian HepG2 cells was determined following 

a 48 h treatment at 37 °C.80 Although free AL drug showed low cytotoxity (< 5%) at 10 µM, the 
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AL-DLM and AL-L-DLM nanoaggregates showed a significant decrease in their relative 

cytotoxicities at this concentration (< 2%, Figure 10b). No in vitro toxicity of the EM polymer 

towards mammalian HepG2 cells cytotoxicity was observed at 10 µM (results not shown).  

 

Figure 10. Haemolytic activity and cytotoxicity of free AL in comparison to AL aggregated with 

DLM and L-DLM at 10 µM AL. a) Haemolytic activity of free AL drug to AL-DLM and AL-L-

DLM treated RBC’s at 10 µM for 48 h at 37 °C with Triton-x 100 control. b) Cytotoxicity against 

mammalian HepG2 cells of free AL drug to AL-DLM and AL- L-DLM and L-DLMs at 10 µM 

with emetine as reference control drug. Results are representative of three biological replicates, n 

= 3, each performed as technical triplicates, ± SEM. Statistically significant differences are 

indicated (*P<0.05, unpaired Student’s t-test). 

P. falciparum efficacy. The in vitro antimalarial activity of the nanoaggregates compared to the 

free AL drug against intraerythrocytic P. falciparum parasites were determined using an 

antiproliferative assay after a 96 h incubation at 37 C under hypoxic conditions, as described.80 

The EM exhibited no antimalarial activity at 10 µM (results not shown), indicating no in vitro 

toxicity of the polymer towards intraerythrocytic P. falciparum parasites. Compared to the potent 

activity of the free AL drug (IC50 0.86 ± 0.21 nM, P < 0.05, Figure 11), the nanoaggregates showed 

a significant ~1000 loss in in vitro activity against P. falciparum parasites: AL-DLM: IC50 1.6 ± 
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0.59 µM and AL-L-DLM: IC50 1.0 ± 0.27 µM, Figure 11. Hence, the aggregate containing the 

targeting ligand did not show the expected improvement in activity.  

The loss in activity observed for the aggregates in comparison to free AL drug could be attributed 

to aggregate disassembly requiring longer incubation periods to effectively release AL (Figure 9) 

as compared to the duration of the in vitro activity experiments. P. falciparum parasites replicate 

over a 48 h developmental cycle with the food vacuole only present for 12 - 24 h. Therefore, the 

fact that a 72 h incubation at pH 5.0 is required to effectively release 70% of drug (Figure 9) could 

mean that the acid-labile release system cannot be activated in the time span of one replication 

cycle of the parasite. Future studies will focus on the evaluation of the cellular internalization of 

the nanoaggregates in the parasitic food-vacuole for effective drug release to take place. Despite 

the loss in activity of the free AL drug in comparison to the nanoaggregates, the decreased 

cytotoxicity of the nanoaggregates observed in Figure 10b, offers potential for improved selectivity 

of the encapsulated AL drug towards intraerythrocytic P. falciparum parasites if the release profile 

from the DLM can be adjusted.  

 

Figure 11. Dose-response curves for free AL drug, AL-DLMs and AL-L-DLMs against asexual 

NF54 P. falciparum parasites using the SYBR Green I based assay for 96 h at 37 °C. Results are 

representative of three independent biological replicates, n = 3, each performed in technical 

triplicates, ± SEM.  
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CONCLUSIONS  

A facile route to the synthesis of a targeted, biodegradable and highly functional polymeric prodrug 

for combination therapy was described. A biodegradable block copolymer composed of PDS-

terminated PVP and allylated poly(δ-valerolactone) was chemically functionalized in facile steps 

to incorporate LUM (drug 1) conjugated via an acid-labile acetal linker and a peptidic targeting 

ligand. Combination therapy was facilitated through the physical entrapment of AM (drug 2) within 

the hydrophobic domain of the prodrug micelles through self-assembly. This system self-

assembled into small, uniform spherical micelles (114 nm from DLS), which is ideal in terms of 

size for avoiding recognition by the reticuloendothelial system (RES) and for enhancing passive 

accumulation in malaria-infected RBCs through the so-called new permeation pathways. The 

acetal-linkage served to control the drug release and disassembly of the prodrug micelles, which 

was accelerated under acidic conditions. The DLMs were found to be sufficiently stable for 

exposure in vivo by assessing the thermodynamic stability (CMC of 2.0 mg·mL-1) and the kinetic 

stability against physiologically-mimicking serum (stable for four days). AM was dispersed in the 

hydrophobic core of the polymeric prodrug micelles which is advantageous in terms of improving 

the bioavailability of the drug and its loading content within the micelle. Despite the decrease in 

antimalarial activity in vitro of the AL-DLM and AL-L-DLM nanoaggregates compared to free AL 

drug, the toxicity results showed that encapsulation of AL with polymers decreased both the 

haemolytic toxicity and HepG2 cytotoxicity in comparison to free AL.  This biodegradable, highly 

functional polymeric prodrug is promising for the delivery of a variety of drugs intended for 

combination therapy and holds great potential for further development in the treatment of life-

threatening diseases like malaria and others.  
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