UNIVERSITY OF LEEDS

This is a repository copy of Poly(hydroxy acid) Nanopatrticles for the Encapsulation and
Controlled Release of Doxorubicin.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/135965/

Version: Accepted Version

Article:

Khuphe, M and Thornton, PD orcid.org/0000-0003-3876-1617 (2018) Poly(hydroxy acid)
Nanoparticles for the Encapsulation and Controlled Release of Doxorubicin.
Macromolecular Chemistry and Physics, 219 (23). 1800352. ISSN 1022-1352

https://doi.org/10.1002/macp.201800352

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. This is the peer reviewed
version of the following article: M. Khuphe, P. D. Thornton, Macromol. Chem. Phys. 2018,
1800352, which has been published in final form at
https://doi.org/10.1002/macp.201800352. This article may be used for non-commercial
purposes in accordance with Wiley Terms and Conditions for Use of Self-Archived
Versions.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

| university consortium eprints@whiterose.ac.uk
WA Universities of Leeds, Sheffield & York https://eprints.whiterose.ac.uk/


mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

DOI: 10.1002/marc.((insert numbe((or ppap., mabi., macp., mame., mren., mats.))

Communication

Poly(hydroxy acid) Nanoparticles for the Encapsulation and Controlled
Release of Doxor ubicin

Mthulisi Khuphe and Paul D. Thornton*

Dr. M. Khuphe andr. P. D. Thornton
School of Chemistry, University of Leeds, Leeds, LS2 @ited Kingdom.
E-mail: p.d.thornton@leeds.ac.uk

Diblock poly(hydroxy acid) copolymers have been created bys#quential ring-opening
polymerization of L-phenylalanine O-carboxyanhydride and L-lysemoxybenzyl) O-
carboxyanhydride, and L-phenylalanine O-carboxyanhydiide/-benzyl L-glutamic acid O-
carboxyanhydrideUpon protecting group removal, two amphiphilic block copolynvesse
formed that can self-organize in agueous solution to fepmerical nanoparticles. Such
nanoparticles are capable of encapsulating doxorubiciimreballowing its programmed
payload release upon incubation within acidic solutiorongequently, the reported
biodegradable materials are highly-promising candidates for deplatyfor the transport and

programmed release of chemotherapeutics to acidic environrsaobsas cancerous tissue.



1. Introduction

There is a demand for the creation of effective polyeneanoparticles that are capable of
encapsulating toxic anti-cancer drugs, prior to drug releasanaerous sites. Such materials
will permit the employmenvf many anti-cancer drugs that have previously been discarded due
to their insufficient pharmacokinetic properties, in #tisence of a carrier vehicle. In addition,
the toxicity of many anti-cancer drugs results in damadestot muscle which leads to hear
failure.™ 2 Doxorubicin and other anthracyclinés? fluorouracil® and paclitaxéd are anti-
cancer drugs that have been reported to cause abnormalitieart rate or rhythm, leading to
cardiac toxicity. Of particular note is that establishecodobicin cardiomyopathy has a
mortality rate of at least 50%, and has no effectigatments! Employing an effective
polymeric carrier, enables greater drug access to the té#myearsd thus results is a reduced
required drug dosage during treatment. Furthermore, doxorubicilecates can be
encapsulated in biodegradable nanocarriers in order to ach@weolled and targeted
administration of the drug, directly at the site of@ttithus reducing the potential toxic effects
due to dose dumping and burst reldasé.

Although several nanocarriers have been developed for ddlwery of anti-cancer
therapeutic& % there remains a need to devise further effective delsystems that are fully
biodegradable, and so can be undergo clearance from thgpbstdgeployment, and possess
functionality for potential further polymer (bio)modifigam. Poly(hydroxy acids) (PHAS) are
a class of polyester that are particularly well suited dse as drug delivery vehicles;
amphiphilic block copolymers that may contain a range nétianalities can be produced by
controlled ring-opening polymerization (RP&t a-amino acid O-carboxyanhydrides (OCAS)
The susceptibility of PHAs to acid-mediated hydrolysis remtiee nanoparticles formed liable
to disassembly within acidic pH environments, resulting irr¢tease of the chemotherapeutic
molecules. This feature may readily be exploited ferdabntrolled delivery of chemotherapy
drugs to cancerous tumor sites that often present alglagitdic pH environmeri?!
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In this paperthe sequential ROP of a-amino acid OCAs is conducted to create diblock PHA
copolymers, which are reported for the first time. Tleemmolecules created were found to
self-organie in phosphate buffered saline (PBS) solution to yield monodispspherical
nanoparticles that could encapsulate, and subsequentlgeelgaxorubicin in response to

environmental acidic pH.

2. Results and Discussion

Phenylalanine (Phe) was selected to provide the hydrophobic Pldiktblall block
copolymers formed. N-Carbobenzyloxy-L-lysifieys(Cbz)) and-benzyl-L-glutamate
(Glu(Bz)) were selected to independently provide hydrophilia espeat units, following
polyester deprotection. The ROP of carboxyanhydride monameyde initiated from the
hydroxyl functional groups of small moleculé3,or macromolecule®® Here, isobutanol
was selected to initiate the ROP of the Phe OCA to genehgidr@phobic poly(PheLA) (LA
= lactic acid) macromolecule (Scheme 1). The convarsf the OCA monomer to a
macromolecule was monitored By NMR spectroscopy (Figurgl), by comparing the
integration value of the GHprotons of the isobutanol initiator to the integratiolugaf the
aromatic protons oftie *H NMR spectroscopy revealed that the conversion of Ph& OC
monomer was complete after 120 hours of polymerizatiggu(€é S1c, Figure S2a). The
poly(PheLA) oligomers were then precipitated out of sotuind then re-dissolved in neat
anhydrous THF, in order to ensure that none of the Phe OCAmmarwas present in the

reaction mixture.
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Scheme 1. (a) The syntheses of diblock PHAs by isobutamiated sequential OCA ROP,
and (b) deprotection of PHAs by catalytic Pd/C hydrogenolysis.

Subsequently, the terminal hydroxyl groups of poly(PheLA) nraotecules were used to
independently initiate the ROP of Lys(Cbz) OCA and to initiaeeROP of Glu(Bz) OCA, in
two separate polymerizations (Scher&). The conversion of the respective monomers into
the desired PHAs was monitored #y NMR spectroscopy. The polymerization of Lys(Cbz)
OCA was monitored by comparing thé NMR integration value corresponding to the{CH
protons of the initiator (ca 0.75 ppm) to the integrationeslof the protons bonded to the
alpha carbon of the amino acid repeat unit (ca 3.95 pigiie S3)H NMR spectroscopy
was again deemed to be the most accurate method to detebsihgéte polymer molecular
weight and revealed thaa 31.4 Lys(Cbz) repeat units were grafted from the poly(RheL
block to give the required diblock macromolecule (Figure SBw.formation of block

copolymers was confirmed by advanced polymer chromatography.

The polymerization of Glu(Bz) OCA was monitored by comparheg' i NMR integration
value corresponding to the @idrotons of the initiatoroga 0.75 ppm) to the integration value
of the CH protons from the benzyl ester protecting groups (Figure!84AIMR

spectroscopy revealed thad 30.2 Glu(Bz) repeat units were grafted from the poly(PhelLA)

block to give the required diblock copolymer (Figure S4c). Qyéhere was no significant

-4 -



difference in the time that was taken for both Lys(GDZA and Glu(Bz) OCA to be
converted fully to PHAs (Figur82b). 'H NMR spectroscopy revealed that the two OCA
monomers were polymerized completely within 120 hours, ldaging to the formation of
the required diblock poly(ester) architectures: poly[(Phebt.Ab-(Lys(Cbz)LA): .4 and
poly[(PheLA)o.4+b-(Glu(Bz)LA)z0.9. Further FTIR spectroscopy analysis confirmed
successful polymerisations (Figure S5).

It was necessary to remove the Chz protecting groups anénbgl lester protecting groups
from the macromolecules so as to generate amphiphslutactures. Consequently, Pd/C-
catalysed hydrogenolysis was used to cleave the protecting groopthe Lys(Cbz) and
Glu(Bz) repeat units (Scheme. 1b). The capability of theadegied poly[(PheLA).+b-
(LysLA)31.4 and poly[(PheLAjo.+b-(Glu)LA)30.29 to self-aggregate upon nanoprecipitation in
agueous medium was assessed by dynamic light scattering (BdLSganning electron
microscopy (SEM). In addition, the aggregation in aqueowsuneof the protected
poly[(PheLA)o.+b-(Lys(Cbz)LAx1 .4 and poly[(PheLAjo.+b-(Glu(Bz)LA)s0.7 was also
assessed. Both, the protected macromolecules and theetpdainacromolecules were
found to be capable of self-aggregation in aqueous solttiomgolymer concentrations
(Table 1), which are comparable to values that are reportgerature?’-1° Studies that
were carried out using DLS revealed that poly[(PhabAp-(Lys(Cbz)LAk1.4 and
poly[(PheLA)o.+b-(Glu(Bz)LA)30.4 self-aggregated into nanoparticles that possess mean
diameters of 80.5 nm and 79.0 nm, respectively (Figure 1 a,ke Zabintry 1 & 3). There
was a slight decrease in the particle size obtained @dprotection, as evidenced by the
diameters measuring 78.3 nm and 77.2 nm for poly[(PhelA)-(LysLA)31 4 and
poly[(PheLA)o.s+b-(Glu)LA)30.2, respectively (Figue 1 c,d; Table 2, Entry 2 & 4).



Table 1. The molecular weights and critical aggregatmtentrations (CACs) of the PHAS

formed.

PHA Muw (g/mol) CAC (pg/mL) CAC (Molar)
Poly[(PheLA)o.sb- 9914 4.93 4.97 x 10 M

(Lys(Cbz)LA)1.4
Poly[(PheLA)o.s-b-(LysLA)3z1.4 5702 6.32 1.11x 16 M
Poly[(PheLA)o.sb- 8266 4.98 6.02 x 10' M

(Glu(Bz)LA)30.4
Poly[(PheLA)o.+b-(GIuLA)z0.4 5544 5.81 1.05 x 16 M




Furthermore, the polydispersity indices of all the nanoparticles formed were narrow (< 0.20),
which is a desirable trait for nanoparticles that atenided for use as drug delivery
vehicles???1 SEM studies confirmed the formation of nanoparticles gossessed a
spherical morphology and hydrodynamic sizes that were ireagmet with the findings from
DLS analyses (Figure 1 e,f).



Table 2. The hydrodynamic sizes and polydispersity indi€esanoparticles obtained from

various PHAs.

Entry Poly(ester) Particle Size / (d.nm PDI

1 Poly[(PheLA)o.«b- 80.5+31.6 0.17
(Lys(Cbz)LA)1.4

2 Poly[(PheLA)o.sb-(LysLA)31 .4 78.3+31.8 0.17

3 Poly[(PheLA)o.+b- 79.0 +33.5 0.19
(Glu(Bz)LA)30.4

4 Poly[(PheLA)o.4-b-(GluLA)30.9 77.2+33.6 0.19




It was envisaged that, due to its poly(cationic) nature [EtieLA)10.4b-(LysLA)31.4 may be
exploited for antimicrobial applicatio$24 and gene deliver§®>2" However, its
polycationic nature also dictates that this PHA could pgsatoxicity problems to healthy
cells if it were to be used for drug delivery in vigd ! As such, only the nanoparticles
obtained from the protected macromolecule, i.e., pehgLA)0.4b-(Lys(Cbz)LAk: 4, and
the nanoparticles obtained from the deprotected, anipoig,(PheLA)o.4b-(GIuLA)30.2,
were progressed to the doxorubicin encapsulation, and subsegjeast studies, in vitro.
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Figure 1. DLS charts revealing the size distribution of [jBlyeLA)10.4b-(Glu(Bz)LA)30.9
before (a) and after (c) removal BZ protection groups and poly[(PheL#)-b-
(Lys(Cbz)LA)1.4 before (b) and after (d) removal of Cbz protection gro§isM images of
nanoparticles formed by obtained from the self-aggregafigoly[(PheLA)o.+b-
(GluLA)30.9 (e) and poly[(PheLA).4b-(LysLA)s1.4 (f). Scale bars represent 1 um.

Intensity {%]

Initially, doxorubicin hydrochloride was converted to its hydropbditde-base by
neutralization using trimethylamine in order to optimizegheapsulation of the drug into the
hydrophobic core of the nanoparticl&$.Drug encapsulation studies revealed that
poly[(PheLA)o.4b-(GluLA)30.7 nanoparticles possess an average drug encapsulation
efficiency of 54.5% and a drug loading content of 3.19 wt%.pidig (PheLA)o.4b-

(Lys(Cbz)LA)1.4 nanoparticles possess an average encapsulatioieedy of 45.3% and a
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drug loading content of 2.09 wt% (Figure 2). Drug release foaaled nanoparticles in
response to solution of acidic pH was then assessed usingatiisis metho# Studies were
carried out at pH 5.0 in order to simulate the lysosomat@ndition$*?! and at pH 7.4 and
37 °C in order to simulate experimental conditions thasendar to the physiological
fluid. ]
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Figure 2. Graph detailing the encapsulation efficiency obddaxcin into the poly(ester)
nanoparticles (bars, n =3), and the polydispersity isdid¢he doxtoeaded nanoparticles (0).

In excess of 82% of the total doxorubicin was released frogji(PbleLA)104-b-(GIULA)30.9
nanoparticles in response to acidic pH (5.0) stimulus, cardparless than 3% of the total
doxorubicin that was released in response to incubatipH in.4 PBS buffer (Figure 3a). In
excess of 87% of the total doxorubicin was released fronj(PblgLA)10.4b-

Lys(Cbz)LA)1.4 nanoparticles in response to acidic pH (5.0) stimulusypeoed to less than
4% of the total doxorubicin that was released in responseubation in pH 7.4 PBS buffer
(Figure 3b).
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Figure 3. The release of doxorubicin from (a) poly[(PhakAp-(GIuLA)30.7 nanoparticles
and (b) poly[(PheLA).+b-(Lys(Cbz)LAk1.4 nanoparticles in response to incubation in
acetate buffer maintained at pH 5.0 (¢) and PBS buffer maintained at pH 7.4 (o). The release
of free doxorubicin (un-encapsulated) from the dialfi#sng membrane in response to
incubation at 37 °C in acetate buffer maintained at pH 5.0 (A) and PBS buffer maintained at
pH 7.4 ).

Additional control studies that were carried out usieg floxorubicin revealed further that
the encapsulated drug is released in a controlled andn&gstaanner from both sets of
nanoparticles. In contrast, the un-encapsulated (free)fditagied a raid ‘burst’ release

profile at both pH 7.4 and pH 5.0, as characterised by theesatad leaking of most of the
drug out of the dialysis membrane in less than 30 hours @&arb). In both instances, more
than 70% of free doxorubicin had been released within 10 lvounpared to the less than
35% of encapsulated doxorubicin, and close to 100% reledissafoxorubicin was

achieved within 30 hours.

The data that was obtained from the acidic pH-mediatedse of doxorubicin from the
nanoparticles were fitted into the Korsmeyer-Peppas (Kdtjel. The KP model states that
the gradient of a graphical plot of the logarithms of patage drug release against the
logarithms of time gives the drug release exponent (n),hwd@o be used to predict the
mechanism of drug release from the delivery vehitlel release exponent (n) equal to 0.43
was computed from the release of doxorubicin from poly[(Phel.sb-(GIuLA)z0 7
nanoparticles, whilst a release exponent equal to 0.42 was ahfpum the release of
doxorubicin from poly[(PheLA}.«b-(Lys(Cbz)LA): 4 nanoparticles (Figure. S6).
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According to the KP model, for spherical delivery vehiclafyes of n < 0.45 reveal that the
release of drug molecules follows the Fickian diffasiechanism. As such, these findings
suggest that the acid-mediated release of doxorubicircoleefrom poly[(PheLA).+b-
(GIuLA) 307 nanoparticles and from poly[(PheLA)-b-(Lys(Cbz)LA)1.4 nanoparticles
follows Fickian diffusion.

3. Conclusions

Novel diblock PHAS, that are capable of self-aggregationnmaoodisperse spherical
nanoparticles in aqueous solution, were produced using the ROP of a-amino acid OCAs. The
nanoparticles produced are capable of encapsulating and witithsignificant amounts of
the chemotherapeutic doxorubicin, before releasingatdaantrolled manner in response to
acidic stimulus. As such, the reported macromolecwagh are biodegradable and formed
from a biorenewable feedstock, offer an exciting prosfpedhe development of effective
drug delivery systems for the delivery of cytotoxic chematpeutic molecules, in particular

doxorubicin.
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Biodegradable nanoparticles formed from diblock poly(hydroxy)aopolymers are reported.

Such nanoparticles, which are created from a renewaddistfeck, are capable of withholding
the anti-cancer drug doxorubicin in solution of pH 7.4, buiassehe drug in acidic solution.

Consequently, the reported matégiold great promise for the delivery of doxorubicin to
acidic environments, such as cancerous tissue.
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