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ormation moderates the release
kinetics of ion channel antagonists from
transferrin-functionalized polymeric
nanoparticles†

Priya S. R. Naidu, a Eleanor Denham,b Carole A. Bartlett,b Terry McGonigle,b

Nicolas L. Taylor, ac Marck Norret,a Nicole. M. Smith, a Sarah A. Dunlop, d

K. Swaminathan Iyer *a and Melinda Fitzgerald *bde

Transferrin (Tf)-functionalized p(HEMA-ran-GMA) nanoparticles were designed to incorporate and release

a water-soluble combination of three ion channel antagonists, namely zonampanel monohydrate (YM872),

oxidized adenosine triphosphate (oxATP) and lomerizine hydrochloride (LOM) identified as a promising

therapy for secondary degeneration that follows neurotrauma. Coupled with a mean hydrodynamic size

of 285 nm and near-neutral surface charge of �5.98 mV, the hydrophilic nature of the functionalized

polymeric nanoparticles was pivotal in effectively encapsulating the highly water soluble YM872 and

oxATP, as well as lipophilic LOM dissolved in water-based medium, by a back-filling method. Maximum

loading efficiencies of 11.8 � 1.05% (w/w), 13.9 � 1.50% (w/w) and 22.7 � 4.00% (w/w) LOM, YM872 and

oxATP respectively were reported. To obtain an estimate of drug exposure in vivo, drug release kinetics

assessment by HPLC was conducted in representative physiological milieu containing 55% (v/v) human

serum at 37 �C. In comparison to serum-free conditions, it was demonstrated that the inevitable

adsorption of serum proteins on the Tf-functionalized nanoparticle surface as a protein corona impeded

the rate of release of LOM and YM872 at both pH 5 and 7.4 over a period of 1 hour. While the release of

oxATP from the nanoparticles was detectable for up to 30 minutes under serum-free conditions at pH

7.4, the presence of serum proteins and a slightly acidic environment impaired the detection of the drug,

possibly due to its molecular instability. Nevertheless, under representative physiological conditions, all

three drugs were released in combination from Tf-functionalized p(HEMA-ran-GMA) nanoparticles and

detected for up to 20 minutes. Taken together, the study provided enhanced insight into potential

physiological outcomes in the presence of serum proteins, and suggests that p(HEMA-ran-GMA)-based

therapeutic nanoparticles may be promising drug delivery vehicles for CNS therapy.
1 Introduction

Secondary degeneration that follows injuries to the central
nervous system (CNS), or neurotrauma, results in progressive
and debilitating functional loss.1–4 Dened by a cascade of
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69
neurometabolic events that includes glutamate excitotoxicity,
cytosolic Ca2+ overload and oxidative stress, the progression of
secondary degeneration may be limited by protecting vulner-
able yet intact CNS tissue.5–8 It is now widely recognized that the
redistribution of Ca2+ within the CNS following injury is
a fundamental and viable therapeutic target for secondary
degeneration.9,10 Given that the accrual of intracellular Ca2+ can
occur via various Ca2+-permeable pathways post-injury,11–13

preclinical studies have identied that the administration of
a novel combination of ion channel antagonists at specic
concentrations collectively mitigated secondary degeneration
and preserved function at both acute (up to 1 week)14 and
chronic (3 months) phases of injury.15 This combinatorial
therapy that was administered directly to adult rats subjected to
partial optic nerve transection,16 or repeated mild traumatic
brain injury,17 consisted of lomerizine hydrochloride (LOM),
zonampanel monohydrate (YM872) and oxidized adenosine
This journal is © The Royal Society of Chemistry 2020

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra09523c&domain=pdf&date_stamp=2020-01-16
http://orcid.org/0000-0003-2241-9243
http://orcid.org/0000-0003-2004-5217
http://orcid.org/0000-0002-5519-8152
http://orcid.org/0000-0002-1306-3962
http://orcid.org/0000-0001-9329-4930
http://orcid.org/0000-0002-4823-8179
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra09523c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010005


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 5
/2

3/
20

26
 7

:1
6:

07
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
triphosphate (oxATP) that inhibited voltage-gated calcium
channels, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate
and purinergic P2X7 receptors respectively.

The therapeutic efficiency of the combinatorial treatment
may be enhanced in vivo by therapeutic nanoparticles that non-
invasively enter the CNS from circulation via the protective
blood–brain barrier (BBB). While it is known that the BBB is
temporarily open upon CNS injury, the extent and duration of
this transient breach depends upon the nature and severity of
injury.18 Given that polymers are renowned for their ease of
chemical modications,19,20 specically functionalized poly-
meric nanoparticles that target the closed BBB may be bene-
cial in improving drug transport to the CNS. Conjugation of
transferrin (Tf), for example, has been a widely utilized func-
tionalization for nanoparticles designed to improve specicity
for the CNS.21,22 Tf receptors are over-expressed in brain micro-
vascular endothelial cells that form the BBB, making these
receptors highly attractive targets for nanoparticles designed for
CNS delivery.23 Correspondingly, enhanced brain tissue accu-
mulation by receptor-mediated transcytosis is reported with the
use of various Tf-conjugated nanoparticles in in vivomodels.24,25

Polymeric nanoparticles may also protect therapeutic agents
from degradation within the physiological system prior to
reaching their target sites.19,26 Moreover, repeated dosing, which
can be inconvenient in clinical settings of neurotrauma, may be
overcome by controlled release of therapeutic cargo from the
nanoparticles.27 With such potential advantages, a wide range
of nanoparticles for CNS therapy have been designed using
biocompatible and synthetic polymers such as poly(-
ethylenimines), poly(alkylcyanoacrylates), poly(methylidene
malonates) and polyesters.19 Choice of matrix material for
nanoparticle formulations has been typically dependent on the
extent of drug solubility, as high drug loading and entrapment
efficiency are desirable properties for successful therapeutic
nanoparticles.27,28 However, despite the promise of
nanoparticle-mediated drug delivery for CNS therapy in pre-
clinical in vivo studies, to-date, clinical translation remains
a challenge.29 As the neuro-pharmaceutical sector has the
highest growth potential within the pharmaceutical eld,30

there is an urgent need to identify and overcome the hurdles
that hamper the progress of encouraging CNS nanotherapies,
such that they may be successfully implemented clinically.

One of the key factors for the lack of clinical success of
nanotherapeutics, not just for CNS therapy, but also for
biomedical applications in general, includes poor correlations
between in vitro assessments and in vivo outcomes. While
therapeutic nanoparticles have been extensively explored over
the past 40 years,19 it is only in the past decade that it became
apparent that the engineered surfaces of nanoparticles can be
altered within the physiological environment due to the inevi-
table adsorption of biomolecules in the circulation.31 Also
known as the protein corona, complex biomolecular layers
rapidly (<30 seconds) adsorb on nanoparticles within the
physiological milieu due to high surface free energy on engi-
neered surfaces.32 The consequential bio-nano interface endows
nanoparticles with a biological identity that varies with different
nanoparticle formulations, as the composition of the protein
This journal is © The Royal Society of Chemistry 2020
corona is dependent on the physico-chemical properties of
nanoparticle formulations such as hydrodynamic size, shape,
curvature, surface charge and functionalization.33–36 With the
adsorption and accumulation of specic biomolecules such as
serum proteins with explicit properties, therapeutic fates of
nanoparticles such as biodistribution, immune responses as
well as drug delivery can be inuenced.37–39 Many in vitro
nanoparticle assessments are conducted in 10–20% serum and
thus do not account for the complexities of the protein corona
formed in vivo, whichmay consist of up to 55% serum content.40

As such, these studies have not accurately predicted nano-
particle behaviour in vivo.41,42 To improve the correlation
between preliminary in vitro assessments and the eventual in
vivo outcomes to aid clinical translation of nanotherapies, it is
therefore critical for any newly developed therapeutic nano-
particle to be assessed on a case-by-case basis for their potential
benets in physiologically relevant environments.

Herein, Tf-functionalized, hydrophilic p(HEMA-ran-GMA)
nanoparticles are designed for use as therapeutic carriers for
the delivery of a combination of ion channel antagonists for
treatment of secondary degeneration following neurotrauma.
As the drug release assessments with these newly developed
functionalized nanoparticles must be carried out in vitro, this
study importantly elucidates the effect of serum protein inter-
actions on drug release kinetics under conditions that closely
represent the physiological milieu that the nanoparticles would
encounter upon intravenous administration. Cyanine5 (Cy5)
(Lumiprobe®) is used for uorescent labelling of nanoparticle
variants developed in this study for bio-imaging purposes, and
unfunctionalized nanoparticles are used as controls to assess
the effect of Tf functionalization on protein corona formation
and uptake into cultured cells. Control nanoparticles are
referred to as ‘NP’ and Tf-functionalized nanoparticles as ‘Tf–
NP’.
2 Experimental
2.1 Materials

All materials and reagents related to nanoparticle synthesis and
assessments were sourced from Sigma-Aldrich unless specied
otherwise. All tissue culture materials and reagents were ob-
tained from Gibco™ unless specied otherwise.
2.2 Cy5-labelled p(HEMA-ran-GMA) nanoparticle synthesis

p(HEMA-ran-GMA) copolymer (100 mg), synthesized by atom-
transfer radical polymerization, was completely dissolved in
10 mL 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES buffer; 50 mM; pH 7) aided by intermittent sonication
in a water bath at room temperature. Copolymer synthesis is
detailed in the ESI.†

The aqueous copolymer solution was added to a mixture of
30 mL n-hexane and 33 g sodium dioctyl sulfosuccinate with
moderate and continuous stirring at room temperature.
Ethylene diamine (1:100 in MilliQ water; 50 mL) was added to
the optically clear and homogenous spontaneous micro-
emulsion to cross-link p(HEMA-ran-GMA) chains in the
RSC Adv., 2020, 10, 2856–2869 | 2857
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aqueous micelles via epoxide functional groups to form discrete
nanoparticles overnight at room temperature.

To retrieve the cross-linked nanoparticles, the oil-based
emulsion (�10 mL) was layered upon HEPES buffer (�25 mL;
50 mM; pH 7) and centrifuged for 30 minutes at 10 000 � g at
4 �C. The aqueous layer (bottom) containing cross-linked
nanoparticles in suspension was carefully collected and lyoph-
ilized immediately. The lyophilized nanoparticles were recon-
stituted in excess ammonia (25%; �50 mL) and allowed to react
at 60 �C for 48 hours with moderate stirring for amine-
functionalization. The reaction solution was then dialysed
(SnakeSkin™ Dialysis Tubing MWCO 10K, ThermoFisher Sci-
entic®) against MilliQ water over 24 hours (4 � 5 L changes),
and the puried suspension was lyophilized.

Cyanine5®-N-hydroxysuccinimide ester (Cy5-NHS; 0.25 mg;
Lumiprobe) was dissolved in dimethyl sulfoxide (DMSO) and
added to suspension of amine-functionalized p(HEMA-ran-
GMA) nanoparticles that was reconstituted in sodium bicar-
bonate solution (NaHCO3; 0.1 M), according to the uorophore
manufacturer's protocol. Cy5-labelling of nanoparticles took
place over 2 hours at room temperature. Unbound Cy5 dye and
other unreacted components were removed by dialysis against
MilliQ water overnight (4 � 5 L changes). The resulting
suspension was centrifuged (20 000 � g; 30 minutes; 3�) to
wash and collect the nanoparticles as a pellet. Cy5-p(HEMA-ran-
GMA) nanoparticles (NP) were lyophilized and stored in the
dark at room temperature in a desiccator. The synthesis of NP
had been adapted from the protocol previously described by
Naidu, et al.43
2.3 Tf-functionalization of Cy5-labelled p(HEMA-ran-GMA)
nanoparticles

The protocol for Tf functionalization was adapted from
Hristov, et al.44 succinimidyl-([N-maleidoproprionamido]-
dodecylethyleneglycol) ester (SM(PEG)12; 250 mM in DMSO;
Thermo Scientic™) diluted in HEPES buffer was added to the
NP suspension (10 mg mL�1) at a 1:1 volumetric ratio to make
up a nal concentration of 1 mM of SM(PEG)12. Themixture was
stirred moderately at room temperature for 2 hours. Aer
which, the PEGylated nanoparticles were washed and retrieved
by centrifugation and redispersed at a concentration of 10 mg
mL�1 in HEPES buffer.

Holo-Tf was dissolved in 1� phosphate buffered saline (PBS)
(pH 7.2) to make a protein concentration of 5 mg mL�1. N-
Succinimidyl S-acetyl(thiotetraethylene glycol) (250 mM
SAT(PEG)4 in DMSO; Thermo Scientic™) was added to the Tf
solution in a 1:1 molar ratio, and the mixture was le to stir at
room temperature for 30 minutes. 1 M glycine was then added
at nal concentration of 30 mM to quench the reaction for 15
minutes. The resulting Tf solution was puried by centrifuga-
tion through pre-packed desalting columns (Thermo Scien-
tic™ Zeba™ Spin Desalting Column). A deacetylation solution
(0.5 M hydroxylamine and 25 mM ethylenediaminetetraacetic
acid (EDTA) in 1� PBS pH 7.2) was immediately added (0.1 mL
per mL of reaction volume) to the puried SAT(PEG)4-modied
Tf solution and allowed to stir at room temperature for 2 hours.
2858 | RSC Adv., 2020, 10, 2856–2869
Following this step, the modied Tf was puried by centrifu-
gation through pre-packed desalting columns and collected in
1� PBS (pH 7.2) with 10 mM EDTA. Tris(2-carboxyethyl)
phosphine (TCEP) was added in a 1 : 1 molar ratio of TCEP to
Tf and the mixture was mixed well.

Tf conjugation of NP was performed within 15 minutes of
TCEP addition. During which, the suspension was le to stir for
2 hours at room temperature. 2-Mercaptoethanol was added to
the dispersion at a nal concentration of 1 mM and le for 5
minutes. Tf–NP were then washed and retrieved by centrifuga-
tion (20 000 � g; 20 minutes; 3�) with HEPES buffer (50 mM,
pH 7.4) and stored at 4 �C until required. Results of supporting
analyses for Tf conjugation of NP are found in the ESI.† Scheme
1 describes the three-stage process required for Tf–NP
synthesis.

2.4 Nanoparticle characterization

Characterization of nanoparticle variants was conducted at
each stage of the synthesis process using dynamic light scat-
tering (DLS) and zeta potential measurements (Malvern
Zetasizer™ Nano ZS, Malvern Panalytical®) using a 4 mW He–
Ne laser operating at 633 nm with a scattering angle of 173�.

100 mg mL�1 nanoparticle variant samples were prepared in
1� PBS and �1 mL volumes were sampled in appropriate
cuvettes for hydrodynamic size (12 mm square polystyrene
cuvettes) and zeta potential (folded capillary zeta cell)
measurements taken in triplicate aer an initial equilibrium
time of 1 minute. The DLS and zeta potential results were
calibrated against measurements recorded for PGMA (refractive
index 1.515; viscosity 0.05) in water at 25 �C as dispersant
(refractive index 1.33; viscosity 0.887). The scattered light
intensity-weighted hydrodynamic radii and zeta potentials of
the nanoparticle variants were presented as mean � standard
deviation (S.D.).

Lyophilized NPs were reconstituted in MilliQ water
(1 mg mL�1) and washed by centrifugation (20 000 � g; 20
minutes; 3�) for further purication for transmission electron
microscopy (TEM) imaging. The resulting NP pellet was recon-
stituted in 250 mL of MilliQ water, and 10 mL of the suspension
was deposited on carbon-coated copper grid and dried over-
night. All TEM images were obtained at 120 kV using JEOL JEM-
2100.

2.5 Protein quantication

Micro BCA™ Protein Assay Kit (Thermo Scientic™) was
utilized in the study for (a) conrmation of Tf-conjugation on
Cy5-p(HEMA-ran-GMA) nanoparticles and (b) quantication of
adsorbed serum proteins on nanoparticle variants. Details of
individual analyses have been provided in the ESI.† The quan-
tication assay was performed according to the manufacturer's
protocol. In brief, bovine serum albumin standards at known
concentrations ranging from 5–50 mg mL�1, and test samples
were loaded into individual wells of a clear, at-bottomed 96-
well micro-titre plate. All standard and sample volumes were
kept consistent at 150 mL, and tested in triplicate. 150 mL of
Micro BCA™ working reagent, as described by the
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthesis of transferrin-functionalized and Cy5-labelled p(HEMA-ran-GMA) nanoparticles (Tf-NP) via a three-stage process that
utilizes hetero-bifunctional PEGylated cross-linkers, SM(PEG)8 and SAT(PEG)4. Full description of Tf-NP synthesis is provided in the ESI.†
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manufacturer, was delivered into each well and the plate was
incubated for 2 hours at 37 �C. Aer cooling to room tempera-
ture, the absorbance of all samples was measured at 562 nm on
a plate reader (PerkinElmer™ EnSpire® Multimode Plate
Reader) to determine protein concentration.

2.6 Drug loading and release prole measurements from Tf-
NP by high performance liquid chromatography (HPLC)

HPLC coupled with UV/Vis detector was used to determine drug
loading and the respective release proles from Tf-NP. Details
of drug loading in nanoparticles by backlling, and HPLC
detection of LOM, YM872 and oxATP have been provided in the
ESI.† To assess drug release in the presence of serum proteins,
drug-loaded Tf-NP were placed in 55% (v/v) human serum in 1�
PBS at 37 �C at a nal nanoparticle concentration of 10 mg
mL�1. At designated release assessment time points, 150 mL
This journal is © The Royal Society of Chemistry 2020
aliquots of the samples from the sinks were rapidly centrifuged
(<2 minutes) through lter units (Amicon® Ultra-4 Centrifugal
Filter units NMWL 3 kDa) according to the manufacturer's
specications. The ltrate collected was then used for the
detection of drug concentration by HPLC at specic time points
over 1 hour. HPLC auto-sampler vials were tted with poly-
propylene micro-volume inserts with bottom-springs to contain
the ltrate samples for analysis.

2.7 Culture of primary mixed cortical cells

All experimental procedures were carried out in strict accordance
with the Australian Code of Practice for the Care and Use of
Animals for Scientic Purposes as stipulated by the National
Health and Medical Research Council, and approved by The
University of Western Australia Animal Ethics Committee
(Approval Number RA/3/100/673 and RA/3/100/1485). Brains were
RSC Adv., 2020, 10, 2856–2869 | 2859
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dissected from humanely euthanized rat pups using a sterile
scalpel (Braun™) and placed into a Petri dish containing Hank's
Balanced Salt Solution (HBSS). Cortices were surgically freed from
subcortical structures and meninges, using forceps and ne
operating scissors, and placed into a new Petri dish containing
clean, ice-cold HBSS, where they were dissected into �1 mm3

pieces. Digestion solution containing 13.6 mL HBSS, 0.8 mL
DNaseI (0.2 mg mL�1) and 0.6 mL trypsin (0.25%), was added for
15minutes in 5% CO2 at 37 �C. Digested cortices were transferred
into 5 mL DMEMS20 (DMEM, 4 mM 100� GlutaMAX, 1 mM
sodium pyruvate, 20% (v/v) fetal bovine serum (FBS), 100 000 U
mL�1 penicillin-streptomycin). Residual tissue in the Petri dish
was gently washed with �2–3 mL DMEMS20 and added to the
digested cortices, which were then centrifuged for 5 minutes at
100 � g, at which point, a clear tissue pellet could be distin-
guished. 5 mL of DMEMS20 was added to the tissue pellet, which
was then triturated using a transfer pipette until almost homog-
enous and settled on ice for 10 minutes. Avoiding the loose tissue
pellet, the cell suspension was passed through a 70 mm nylon
strainer (VWR International) and into 5mLDMEMS20. Cells were
counted using trypan blue exclusion assay (0.4% trypan blue;
Invitrogen™) with a Neubauer Improved Bright-lined Haemocy-
tometer (ProSciTech®) on an Olympus® CK30 culturemicroscope
at 20� magnication. Cell suspension was added to DMEMS20
(+10 ng mL�1 platelet derived growth factor-AA (PDGF-AA) and 10
ng mL�1 basic broblast growth factor (bFGF)) and plated onto
poly-DL-ornithine (10 mg mL�1) coated 18 mm2 glass coverslips in
clear 12 well tissue culture plates at a density of 1 � 104 cells per
cm2. Cultures were incubated at 37 �C in 5%CO2 for 10 days, with
half-volumemedia changes of DMEMS20 + (20 ngmL�1 PDGF-AA
and 20 ng mL�1 bFGF) every 2–3 days.

2.8 Treatment application to primary mixed cortical cultures

Stock nanoparticle variant suspensions of known concentra-
tions were obtained by dispersion in 50 mM HEPES buffer (pH
7.4) and sterilized by UV irradiation (45 minutes in 1.5 mL
Eppendorf® tubes). Aer 10 days of culture of the mixed cortical
cells, the stock nanoparticle suspensions were added to test
wells containing fresh media (DMEMS20; +20 ng mL�1 PDGF-
AA and 20 ng mL�1 bFGF) at a volumetric ratio of 1 : 10 ratio
respectively. Final nanoparticle concentrations were applied to
test wells as required for the designated assessments: 25 mg
mL�1 for immunohistochemistry labelling; 25–1000 mg mL�1

for cell viability assay by Live/Dead™ assay.

2.9 Cytotoxicity assessment

Cultured primary mixed cortical cells were incubated with
nanoparticle variants at dened nal nanoparticle concentra-
tions, and stained using the Live/Dead™ reagent (4 mM
ethidium homodimer-1 (EthD-1) and 2 mM calcein AM)
(Molecular Probes™) to identify live versus dead cells on the
basis of membrane integrity and esterase activity. Aer a 45
minute incubation at room temperature, cytotoxicity was
quantied by recording uorescence with a plate reader set to
494/517 nm (excitation/emission) for calcein AM (live cells) and
528/617 nm for EthD-1 (dead cells). Experiments were repeated
2860 | RSC Adv., 2020, 10, 2856–2869
three times using cultures derived from separate litters of rat
pups. Representative wells were imaged using uorescence
microscopy with a 40� objective lens to assess four standard-
ized elds of view (FOV) of 293.703 � 293.703 mm per technical
replicate (n ¼ 3). The numbers of appropriately orescent live
and dead cells were counted and expressed as mean percent-
ages of the total cell population within the FOV.

2.10 Immunohistochemistry and confocal microscopy

Nanoparticle variants at a nal concentration of 25 mg mL�1

were applied to well plates in duplicate, to allow for immuno-
histochemical identication of multiple cell types and nano-
particle localization therein, and cultures were incubated for
a further 24 hours at 37 �C in 5% CO2, with the inclusion of 20%
FBS in the culture media as described in Section 2.7. Experi-
ments were repeated three times using cultures derived from
separate litters of rat pups. Immunohistochemistry was con-
ducted in accordance with established procedures5 using
primary antibodies recognizing markers as follow: microglial
activation markers Iba1 (1:500; Abcam, goat Ab5076) and ED1
(1:500; Merck Millipore, mouse MAB1435); oligodendroglial
indicator oligodendrocyte transcription factor 2 (Olig2; 1:500;
R&D Systems, goat AF2418); astrocyte indicator glial brillary
acidic protein GFAP (1:500; Abcam, rabbit AB33922); and
neuronal indicator b-III tubulin (1:500; Merck Millipore, mouse
MAB1637). Antibodies were diluted in PBS containing 0.2%
Triton™ X-100 and 5% normal donkey serum. Secondary anti-
bodies were Alexa Fluor 488 or 555 (1:400; Thermo Fisher Sci-
entic™), together with Hoechst 3342 (1:1000; Thermo Fisher
Scientic™) diluted in 1� PBS containing 0.2% Triton™ X-100.
Finally, the sections were mounted on glass slides with cover
slips using Fluoromount-G (Thermo Fisher Scientic™). The
slides were viewed using Nikon Eclipse Ti-inverted microscope.
Four randomly sampled, non-overlapping Z-stack images were
taken per well at 20� magnication. A series of 13 optical
images were taken at 0.5 mm increments along the z-axis, and
deconvoluted using Nikon Elements NT soware. This was
followed by the assessment of consistently sized (293.703 �
293.703 mm), non-overlapping regions of interests (ROIs) in the
confocal images in order to determine the proportion of distinct
cell populations that exhibit Cy5 uorescence from the uptake
of NP and Tf-NP. All image analyses were performed on Fiji
image processing soware (National Institutes of Health). In
conjunction with representative confocal images obtained
using all of the above-mentioned markers, total numbers of
Iba1+ resident reactive microglia and ED1+ activated microglia/
macrophages with and without nanoparticles were counted
within a ROI in a 40� image and expressed as the mean number
of cells per mm2. Quantication was conned to microglia/
macrophages due to the prevalence of nanoparticle variants
within these cell populations, and the biological relevance of
immune cell engulfment of nanoparticles.

2.11 Statistical analysis

All statistical data were processed and analyzed using GraphPad
Prism® 6.0.
This journal is © The Royal Society of Chemistry 2020
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Protein quantication by Micro BCA™ assay. Amount of
adsorbed serum proteins on standardized and knownmasses of
NP and Tf-NP was assessed for statistical signicance using two-
way ANOVA, with post-hoc analysis by Tukey's multiple
comparisons test (a ¼ 0.05).

In vitro data. Statistical assessments of the data were carried
out using two-way ANOVA, with post-hoc analyses conducted by
Sidak's or Tukey's multiple comparisons tests where applicable
(a ¼ 0.05).

Drug release analysis by HPLC. Data from specic test
conditions such as pH and the presence of serum proteins were
obtained in triplicate and plotted on X–Y graphs. Best lines of t
of the data were drawn using the Michaelis–Menten tting
method. The signicance of the data was analysed by two-way
ANOVA, with post-hoc assessments conducted with Tukey's
multiple comparisons test (a ¼ 0.05). Further comparison of
drug release kinetics under specic pH environments was
conducted by mathematical simulation of linearity using the
Higuchi model.

3 Results and discussion
3.1 p(HEMA-ran-GMA) copolymer is a suitable matrix for
functionalized nanoparticle formulation designed for the
incorporation of water-soluble therapeutic cargo

Of the three ion channel antagonists that collectively exhibited
promising therapeutic outcomes for secondary degeneration in
preclinical studies,15,45 YM872 and oxATP have high solubility in
aqueous medium (YM872, 83 mg mL�1 solubility in Britton–
Robinson buffer;46 oxATP, 50 mg mL�1 solubility in H2O47). LOM
on the other hand, is lipophilic in nature, and known to be
soluble in chloroform, DMSO and methanol, with limited solu-
bility in water.48 However, water-based solutions of LOM may be
prepared by dissolution in methanol, followed by dilution in
water.49 Poly (HEMA) nanoparticles that swell in aqueous media,
due to interactions with the hydroxyl pendants on the polymer
chains, have the capacity to load and release water-soluble drugs
such as doxorubicin and 5-uorouracil in a controlled
manner.50,51 Thereby, the HEMA component of the polymeric
backbone in the hydrophilic p(HEMA-ran-GMA) nanoparticles
presents the opportunity to incorporate LOM, YM872 and oxATP
within a single polymeric delivery formulation.

Highly reactive epoxide functional groups conferred by gly-
cidyl methacrylate (GMA) monomer used in the synthesis of
p(HEMA-ran-GMA) are useful in enabling functionalization of
targeting ligands and/or uorescent labels on the nanoparticles
via ring-opening reactions.52 Additionally, the epoxide groups in
the p(HEMA-ran-GMA) backbone are vital in this study as they
facilitate the structural formation of nanoparticles in a sponta-
neous water-in-oil (W/O) microemulsion by crosslinking
chemistry. Taken together, the random copolymer p(HEMA-ran-
GMA) is endowed with essential characteristics that suit the
development of functionalized, hydrophilic and cross-linked
nanoparticles for the incorporation of water-soluble drugs.

Details of the fabrication of cross-linked p(HEMA-ran-GMA)
nanoparticles, Cy5-labeling, and Tf-functionalization of the
nanoparticles are found in the ESI (Fig. S1 and S2†).
This journal is © The Royal Society of Chemistry 2020
3.2 Physico-chemical properties of Tf-NP suggest suitability
for CNS delivery

Dynamic Light Scattering (DLS) intensity histograms (Fig. 1A) of
NP and Tf-NP suspensions show that the nanoparticle variants
have narrow size distributions, and TEM images (panels (i) and
(ii) in Fig. 1A) reveal that the nanoparticles are uniform with
spherical conformation. The nanoparticle polydispersity index
(PDI) values of both NP (0.107) and Tf-NP (0.045) are small
(Fig. 1B), signifying that the nanoparticle variants are suitably
mono-dispersed for biological applications.53 Tf-NP (285 nm)
has a slightly larger mean hydrodynamic size than NP (220 nm)
(Fig. 1B). The lower limit of hydrodynamic size of therapeutic
nanoparticles designed for CNS delivery is thought to be
�20 nm, which allows the avoidance of rapid renal glomerular
ltration.54,55

The appeal for this approximate nanoparticle size also stems
from the narrow width (�40–60 nm) of the extracellular space in
the healthy human brain.56 However therapeutic nanoparticles
up to 300 nm, particularly those that are modied with poly-
ethylene glycol (PEG), have been reported to successfully accu-
mulate in the CNS following systemic delivery.57,58 Thus, the
hydrodynamic size range of Tf-NP that are functionalized with
the aid of a PEGylated cross-linker, may be suitable for non-
invasive CNS delivery. Moreover, it is noteworthy to acknowl-
edge that larger therapeutic nanoparticles (�200–300 nm) can
be advantageous for clinical application due to improved drug-
loading efficiency and payload, and can lead to enhanced drug
dispersion and extended periods of drug release.59 However, the
exact size criterion for CNS-specic nanoparticles remains
unclear, as the overall design of the nanoparticles largely
controls the mechanisms involved in CNS uptake.

The surface charges of NP and Tf-NP indicated by zeta
potential measurements at pH 7.4 are �20.8 and �5.98 mV
respectively (Fig. 1B). The general negative charges of the
polymeric nanoparticle variants in the aqueous environment
can be attributed to the dissociation of hydroxyl groups in
p(HEMA-ran-GMA) copolymer chains.60 In addition, the positive
shi in the surface charge of Tf-NP with respect to NP may be
indicative of the protonation of amine groups on the conjugated
Tf.25 Therapeutic nanoparticles with near-neutral, slightly
negative zeta potentials have been reported to successfully
access brain tissue when administered intravenously.58,61

Accordingly, it is considered advisable for CNS-specic nano-
particles to have zeta potentials that are slightly negative at
physiological pH (�1–15 mV at pH 7.4) in order to limit
unfavourable biodistribution outcomes as a response to net
surface charge.62–64 Taken together, the hydrodynamic size and
surface charge of p(HEMA-ran-GMA)-based nanoparticles
developed for this study may be suitable for CNS delivery.
3.3 Tf-NP are not cytotoxic to primary mixed cortical
cultures, and are less susceptible to uptake by microglial
populations than NP

It is fundamental that engineered therapeutic nanoparticles are
not cytotoxic such that their proposed benecial qualities are
not negated. In vitro assessments in this study were conducted
RSC Adv., 2020, 10, 2856–2869 | 2861
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Fig. 1 Nanoparticle characterization: (A) Dynamic Light Scattering (DLS) demonstrate the size distribution of Cy5-labelled p(HEMA-ran-GMA)
nanoparticles (NP) and transferrin (Tf)-functionalized nanoparticles (Tf-NP). Light scattering intensity percentages for NP and Tf-NP (n ¼ 3) are
normalized to 1. Representative transmission electron microscope (TEM) images of NP are depicted in panels (i) 5000� and (ii) 20 000�
magnifications. Scale bar¼ 500 nm. (B) Tabulated data summarizes the mean hydrodynamic diameters (�standard deviation (S.D.)), nanoparticle
polydispersity (PDI), and nanoparticle surface charges in terms of zeta potential measurements (�S.D.) of NP and Tf-NP (n ¼ 3).
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in primary mixed cortical cultures in 20% serum, as this is the
highest concentration of serum in which cells maintain viability
in vitro. Live/Dead™ assay conrms that NP and Tf-NP are not
cytotoxic to the cultures at concentrations up to 500 mg mL�1

nanoparticle (Fig. S3 in ESI†). The interaction and localization
of the Cy5-labelled nanoparticle variants with relevant cell types
are further determined by confocal microscopy of immuno-
labelled primary cultures.

Co-localization of Cy5 is not observed in GFAP+ cells, or in
those labelled with bIII-tubulin, suggesting that neither NP nor
Tf-NP are taken up by astrocytes or neurons (representative
confocal images in Fig. 2A). Likewise, olig2+ cells do not take up
the nanoparticle variants regardless of functionalization
(representative confocal images in Fig. 2B). Interestingly, both
nanoparticle variants predominantly localize within resident
microglia (Iba1+ cells) as well as activated microglia/
macrophages (ED1+ cells) (representative confocal images in
Fig. 2C). Further quantitative analysis from confocal images
reveals that Tf-functionalization does not cause a signicant
difference in nanoparticle uptake by Iba1+ cells. However,
a greater percentage of ED1+ cells contain NP than Tf-NP
(Fig. 2D).

The results suggest that Tf-NP are less susceptible to uptake
by activated microglia/macrophages than NP. Given that
microglial populations in the CNS are highly phagocytic and act
2862 | RSC Adv., 2020, 10, 2856–2869
as the rst line of defence for immunological responses,65 the
reduced uptake of Tf-NP reported in this in vitro assessment
may be favourable as it suggests that the nanoparticles may not
be subjected to rapid systemic clearance under in vivo test
conditions. However, it is acknowledged that the elevated
presence of serum proteins in the physiological milieu (55%) in
comparison to the serum content in the culture environment
used in this study (20%) may result in variations in the nano-
particle biodistribution in vivo due to increased serum protein
interactions at the nanoparticle surfaces.
3.4 Combinatorial ion channel antagonist treatment can be
loaded into Tf-NP by backlling

A simple backlling strategy is used to load LOM, YM872 and
oxATP into Tf-NP. This drug loading method has been
described for mesoporous silica nanoparticles whereby active
molecules are allowed to diffuse into the empty pores of the
nanoparticles by exposure to either vapour or solution.66 A
signicant advantage of backlling is that it does not result in
chemical modication of the drugs thereby maximizing drug
potency.67 The cross-linked, water-permeable p(HEMA-ran-
GMA)-based nanoparticles developed in this study do not lose
structural integrity upon lyophilization; a process known to
improve long-term colloidal stability.68 Since LOM, YM872 and
oxATP can be dissolved to make up an aqueous drug solution,
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 In vitro uptake of Cy5-labelled p(HEMA-ran-GMA) nanoparticles (NP) and transferrin-functionalized Cy5-labelled p(HEMA-ran-GMA)
nanoparticles (Tf-NP) in primary mixed cortical cultures. Representative confocal microscopy images (40� magnification) are of NP and Tf-NP
treated cultures that are immunohistochemically stained to detect: (A) GFAP+ astrocytes (red) and bIII-tubulin+ neurons (green); (B) olig2+
oligodendroglia (red); (C) top panel: Iba1+microglia (green); bottom panel: ED1+microglia/macrophages (green). All cell nuclei are labelled with
Hoechst (blue) and Cy5-labelled nanoparticle variants appearmagenta in the confocal microscopy images. Scale bar¼ 10 mm.White arrowheads
indicate nanoparticle colocalization in the representative confocal images. (D) Uptake of nanoparticle variants (NP and Tf-NP) by Iba1+ and ED1+
cells in primary mixed cortical cultures expressed as percentages of total count of respective cell types in standardized fields of view at 40�
magnification. Mean values are presented with standard error of measurements (�SEM). Statistical analyses were conducted using two-way
ANOVA with post-hoc analysis by Sidak's multiple comparison's test (n ¼ 3, *p # 0.05).
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drug loading of Tf-NP is possible by rehydration of the lyophi-
lized nanoparticles. As the nanoparticle structure swells in the
aqueous medium, the drugs in solution are absorbed within.
The maximum loading efficiencies of LOM, YM872 and oxATP
are 11.8 � 1.05% (w/w), 13.9 � 1.50% (w/w) and 22.7 � 4.00%
(w/w) respectively as detected by HPLC (Fig. 3A).
This journal is © The Royal Society of Chemistry 2020
3.5 Serum protein on drug-loaded Tf-NP impacted drug
release kinetics

Commonly utilized in vitro conditions are either serum-free, or
supplemented with 10–20% (v/v) serum depending on culture
protocols.69 Standard in vivo environments however may consist
of up to 55% (v/v) serum.40,42,70 In the presence of higher serum
RSC Adv., 2020, 10, 2856–2869 | 2863
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Fig. 3 Assessment of drug-loaded, transferrin-functionalized p(HEMA-ran-GMA) nanoparticles (TF-NP) by High Performance Liquid Chro-
matography (HPLC). (A) Maximum loading of individual ion channel antagonists (mg) per mg Tf-NP. Release profiles of (B) lomerizine, (C) YM872
and (D) oxATP from known masses of drug-loaded Tf-NP incubated at 37 �C in 1� phosphate buffered saline (PBS) at pH 7.4 and 5, with and
without the inclusion of 55% (v/v) human serum. Lines of best fit of the data are drawn using the Michaelis–Menten fitting method. Blue dotted
lined in plots B-D indicate the limit of detection of individual drugs assessed by respective HPLC methods. Data provided in this figure (A–D) are
presented as mean values (n ¼ 3) with standard error of measurements (�SEM). HPLC data stated as ‘w/corona’ refer to those obtained in the
presence of serum proteins. (E) Schematic diagram demonstrating the effects of pH and the presence of the protein corona on drug release from
drug-loaded Tf-NP. Orange and yellow arrows denote release of ion channel antagonists from Tf-NP under specific pH. Thickness of arrows
correlate to concentration of released drugs. Image not drawn to scale.
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protein concentrations, the effect of the protein corona on the
behaviour of therapeutic nanoparticles is likely to be greater,
due to increased concentration of adsorbed serum proteins on
2864 | RSC Adv., 2020, 10, 2856–2869
the surfaces of the nanoparticles.37,71 Using physiologically
relevant human serum concentration of 55% (v/v), Micro BCA™
protein quantication assay of the tightly adsorbed serum
This journal is © The Royal Society of Chemistry 2020
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proteins closest to the nanoparticle surface (hard corona) on NP
and Tf-NP reveals that the adsorbed protein concentration on
Tf-NP is signicantly higher (1.5 mg protein per mg nano-
particle) than that on an equivalent mass of NP (0.4 mg protein/
mg nanoparticle) (Fig. S4A in ESI†).

Given that the constituency of the protein corona may be
modied with variable surface functionalizations,32,72 equal
amounts of proteins from the hard corona proteins from NP
and Tf-NP are separated for assessment by SDS-PAGE
(Fig. S4B†). There are no substantial differences in the types
and intensities of the protein bands derived from the hard
corona of both nanoparticle variants, suggesting that the Tf
functionalization of p(HEMA-ran-GMA)-based nanoparticles
likely do not enrich the protein corona with serum proteins of
different molecular weights. Indeed, a qualitative assessment of
the protein bands by mass spectrometry may offer further
insight about the types of adsorbed serum proteins on the
nanoparticle variants. However quantitative protein corona
assessment is more relevant to the scope of this study.

The release kinetics of ion channel antagonists from Tf-NP
are assessed by HPLC over a period of 1 hour at 37 �C, either
in 1� PBS in neutral physiological pH of 7.4, or in a slightly
acidic environment (pH 5) that correlates to the endosomal
environment73 (Fig. 3B–D). NP are not evaluated for drug
loading or release in this study as the key objective of the
assessment is to elucidate the capacity of nanoparticles that are
specically functionalized for controlled drug release in the
CNS.

While the general trends of the plots demonstrate sustained
release of the ion channel antagonists over at least 20 minutes,
statistical analyses of the data reveal details of the impact of pH
and serum on the release of each drug from Tf-NP. Statistically
Table 1 Summary of the statistical comparisons by two-way ANOVA of t
YM872 and oxATP) from Tf-NP under different test conditions (i.e. � 55%
assessed time points. Post-hoc analysis conducted using Tukey's multip

LOM: F(5, 48) ¼ 94.81 5 min 10 min

pH 7.4 v. pH 5 ns ns
pH 7.4 v. pH 7.4 w/corona ns ns
pH 5 v. pH 5 w/corona ns ns
pH 7.4 w/corona v. pH 5 w/corona ns ns

YM872: F(5, 47) ¼ 52.34 5 min 10 min

pH 7.4 v. pH 5 ns ns
pH 7.4 v. pH 7.4 w/corona ns ns
pH 5 v. pH 5 w/corona ns ns
pH 7.4 w/corona v. pH 5 w/corona ns ns

oxATP: F(5, 48) ¼ 7.157 5 min 10 min

pH 7.4 v. pH 5 ns ns
pH 7.4 v. pH 7.4 w/corona ns ns
pH 5 v. pH 5 w/corona ns ns
pH 7.4 w/corona v. pH 5 w/corona ns ns

a “*” Indicates signicant difference in released drug concentration at spe
“ND” ¼ no data (therefore unable to perform statistical analysis); “v.” ¼ v

This journal is © The Royal Society of Chemistry 2020
signicant differences in the released drug concentrations that
are obtained from two-way ANOVA analysis with post-hoc
analysis by Tukey's multiple comparisons test are summarized
in Table 1.

Under serum-free conditions, the lower pH of 5 signicantly
enhances the release of LOM and oxATP beyond the 15 minute
time point in comparison to pH 7.4. The pH variation, however,
does not signicantly affect the concentrations of released
YM872 at 1 hour. It is postulated that the enhanced release of
LOM and oxATP under acidic conditions is likely a result of
structural shrinkage of the nanoparticles, as cross-linked
p(HEMA)-based hydrogels have previously demonstrated vari-
able swelling capacity in water in response to pH, which
consequently affects drug release from within.74 This assump-
tion is tested in this study using a mathematical model of drug
release, which can be useful to establish the mechanism of drug
release from a matrix. The Higuchi simulation is a well-known
and widely used controlled release model for spherical hydro-
gel systems that is based on several key hypotheses; one of
which assumes that matrix swelling or dissolution is negli-
gible.75,76 By tting the drug release data of LOM obtained from
the tested pH conditions into the Higuchi model, it is found
that better linearity is obtained at pH 7.4 (R2 ¼ 0.8868) in
comparison to pH 5 (R2 ¼ 0.6980). Data for this simulation is
provided in Fig. S5 in the ESI.† While this nding suggests that
non-negligible structural changes could have occurred to the Tf-
NP under acidic conditions to impact the release kinetics of
LOM, the mathematical simulation model could not be applied
to the release data obtained with oxATP due to the unavailability
of a complete drug release data set. At least initially, oxATP is
present at detectable concentrations. However, the release
kinetics of oxATP from Tf-NP is not measurable over the entire
he released concentrations of individual ion channel antagonists (LOM,
(v/v) human serum in 1� PBS and/or variable pH at 5 and 7.4) over the
le comparisons testa

15 min 20 min 30 min 60 min

** ** ** ***

ns * * ns
ns ns * ns
** **** * **

15 min 20 min 30 min 60 min

ns ns ns ns
ns ** ** ns
ns * ** *

ns ns ns ns

15 min 20 min 30 min 60 min

*** *** * ND
ns ** ND ND
ND ND ND ND
ND ND ND ND

cic time point, *p# .05, **p # .01, ***p# .001; “ns” ¼ not signicant;
ersus; “w/corona” ¼ with protein corona; “min” ¼ minutes.

RSC Adv., 2020, 10, 2856–2869 | 2865
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assessment period and conditions dened in this study
(Fig. 3D). Being a small Schiff-base molecule,77 oxATP may be
inclined to hydrolytic cleavage of azomethine bonds present in
the compound, causing interferences in assessments conduct-
ed in the aqueous environment.78 As such, it is possible that the
instability of the oxATP released from Tf-NP under the
described test conditions may have contributed to the lack of its
detection by HPLC beyond�15minutes at pH 5. However, at pH
7.4, oxATP remains detectable by HPLC analysis for up to 30
minutes in serum-free conditions. Given these observed varia-
tions in the release kinetics of the ion channel antagonists, it is
likely that the differences in the molecular properties of the
therapeutic agents played a role in modulating their release
rates from Tf-NP in different pH environments.

The presence of serum proteins, or in other words, formation
of protein corona, results in a statistically signicant difference
in the concentrations of released LOM, YM872 and oxATP from
Tf-NP at delayed stages (beyond 10minutes). It is noted however
that the analysis of oxATP release is limited due to the afore-
mentioned incomplete data set. Protein corona formation on
Tf-NP does not impact the rate of release of all three ion channel
antagonists during the rst 10 minutes of the assessment at
both pH 5 and 7.4. Beyond the 15 minute time point up to the
end of the assessment at 1 hour, the protein corona signicantly
lowers the amount of LOM released from Tf-NP at pH 7.4.
Interestingly, at pH 5, the protein corona only impacts on LOM
release beyond the 30 minute time point. The protein corona
mitigates the release of YM872 aer 20 minutes, regardless of
pH. However, at pH 7.4, the amount of YM872 released is not
affected by the protein corona at the 1 hour time point. It is
likely that the YM872 release from Tf-NP was approaching
equilibrium concentrations by this stage of the assessment. The
highest detected oxATP concentration released from Tf-NP is
0.05 � 0.006 mM at pH 7.4 at 30 minutes under serum-free
conditions. In the presence of serum proteins at pH 7.4, the
detectable amount of released oxATP diminishes to approxi-
mately 0.03 � 0.001 mM at the 20 minute time point. In a more
physiologically relevant assessment that compares drug release
from Tf-NP in the presence of serum proteins at pH 5 to that at
7.4, it is revealed that only the release of LOM is signicantly
enhanced in the acidic environment, and this is beyond the 15
minute time point up to 1 hour. Taken together, this study
demonstrates that the protein corona can induce a shielding
effect on drug release.37,79 However, it appears that the impact of
the protein corona on drug release from Tf-NP varied temporally
with respect to the specic ion channel antagonist.

The results reveal an important consideration for the
development of therapeutic nanoparticles, whereby the assess-
ment of drug release kinetics in the presence of serum and
variable pH provides a more realistic outcome of therapeutic
potentials. In this case, biocompatible Tf-NP loaded with LOM,
YM872 and oxATP release their therapeutic cargo at both
physiological and endosomal pH. While sustained release is
exhibited by both LOM and YM872 from Tf-NP over a period of 1
hour, potential instability of oxATP in the biological environ-
ment may limit its therapeutic potential to a shorter time span
(<30 minutes). Nevertheless, in the presence of a protein corona
2866 | RSC Adv., 2020, 10, 2856–2869
induced by exposure to 55% (v/v) serum, LOM, YM872 and
oxATPmay still be released in combination from Tf-NP for up to
20 minutes.

Partition equilibrium effects may moderate the distribution
of released therapeutic agents, thereby affecting measured
released drug concentrations.80–82 Released drugs from thera-
peutic nanoparticles may bind to the serum proteins present in
either the protein corona, or to those present in the aqueous
media, thereby altering the measured concentration of released
drugs. The present work has not distinguished between corona
effects and free serum binding effects. Therefore, it is
acknowledged that the concentration of released drugs detected
in the presence of serum protein may represent the fraction of
released drug that was not bound by serum proteins. While this
study focuses on the changes in drug release kinetics as a result
of serum protein presence, future work may benet from
experimental measurements of partition coefficients for the ion
channel antagonists, to determine the relative contributions of
unbound serum proteins and protein bound as part of a corona.

Research has revealed that the circulation half-life of
systemically administered targeting nanoparticles ranges from
a few minutes up to half hour, prior to elimination from the
physiological system.83,84 Therefore, the preliminary drug
release outcomes from this study obtained by taking typical
blood serum concentration into consideration, suggest that
systemically delivered Tf-NP may be capable of delivery of ion
channel antagonists over clinically relevant durations. Addi-
tionally, taking into consideration that transient openings can
occur in the BBB upon acute CNS trauma,18 it may also be
possible that the Tf-NP can advantageously accumulate within
the CNS from circulation to deliver the ion channel antagonist
combination. Tf functionalization may thus serve as an auxil-
iary mechanism to improve CNS biodistribution in the event
that the BBB returns to its normal closed state by the time the
therapeutic nanoparticles are introduced into physiological
circulation.

4 Conclusions

Hydrophilic p(HEMA-ran-GMA) random copolymer is used to
develop biocompatible Tf-functionalized nanoparticles in this
study to successfully incorporate the largely water-soluble
combination of ion channel antagonists (LOM, YM872 and
oxATP) identied for secondary degeneration therapy. There is
now increased recognition that preliminary in vitro assessments
of therapeutic nanoparticles designed for intravenous admin-
istration require the inclusion of physiologically relevant serum
proteins to account for the effects of the inevitable formation of
the protein corona in vivo. In doing so, measured therapeutic
outcomes may more closely match prospective in vivo results
such that the potential for clinical translation of promising
nanotherapies may be accelerated due to enhanced under-
standing of their biological behaviour. As such, release kinetics
of the respective ion channel antagonists from Tf-
functionalized p(HEMA-ran-GMA) nanoparticles are assessed
in the presence of serum proteins as a critical demonstration of
therapeutic capability of the polymeric carriers in biological
This journal is © The Royal Society of Chemistry 2020
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milieu. Recent studies suggest the inclusion of dynamic ow
conditions in in vitro assessments as circulating serum proteins
under physiological conditions may affect the protein corona
composition, which may then moderate biological outcomes of
therapeutic nanoparticles.85–88 Although ow dynamics is not
accounted for in this study, it is acknowledged that future work
could benet from incorporating this factor. While controlled
release of the therapeutic agents is established from the
p(HEMA-ran-GMA)-based nanoparticles, it is importantly
revealed that the presence of serum proteins moderated the rate
of specic drug release, which may consequently impact the
scale of therapeutic success under physiological conditions.
Moreover, the inclusion of conditions such as physiological
temperature and variable pH in the drug release assessment,
suggests that oxATP might not be as stable as LOM or YM872
under biological conditions. Overall, this in vitro study is
a pivotal rst step to gauge the effectiveness of Tf-functionalized
p(HEMA-ran-GMA) nanoparticles to deliver the specic combi-
nation of ion channel antagonists for the treatment of
secondary degeneration under the inuence of the protein
corona. The results obtained suggest that future in vivo
assessments should factor in the circumstance that the collec-
tive exposure of the LOM, YM872 and oxATPmight be limited to
approximately 20minutes of nanoparticle circulation within the
physiological system.

Abbreviations
BBB
This journ
Blood–brain barrier

BCA
 Bicinchoninic acid

CNS
 Central nervous system

Cy5
 Cyanine5 uorophore

DLS
 Dynamic light scattering

DMEM
 Dulbecco's modied eagle's medium

DMSO
 Dimethylsulfoxide

EDTA
 Ethylenediaminetetraacetic acid

FBS
 Fetal bovine serum

FOV
 Field of view

GMA
 Glycidyl methacrylate

HEMA
 2-Hydroxyethyl methacrylate

HEPES
 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid

HPLC
 High performance liquid chromatography

LOM
 Homerizine hydrochloride

MWCO
 Molecular weight cut-off

NHS
 N-Hydroxysuccinimide

NMWL
 Nominal molecular weight limit

NP
 Cy5-labeled p(HEMA-ran-GMA) nanoparticle

oxATP
 Oxidized adenosine triphosphate

PBS
 Phosphate buffered saline

PDI
 Polydispersity index

PEG
 Polyethylene glycol

ROI
 Region of interest

S.D.
 Standard deviation

SEM
 Standard error of measurement

TCEP
 Tris(2-carboxyethyl)phosphine

TEM
 Transmission electron microscopy

Tf
 Transferrin
al is © The Royal Society of Chemistry 2020
Tf-NP
 Transferrin-functionalized Cy5-labeled p(HEMA-ran-
GMA) nanoparticle
YM872
 Zonampanel monohydrate
Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors acknowledge nancial support from the National
Health and Medical Research Council (NHMRC), Australia
(APP1082403). MF was supported by an NHMRC Career Devel-
opment Fellowship (APP1087114).

References

1 M. D. Norenberg, J. Smith and A. Marcillo, J. Neurotrauma,
2004, 21, 429–440.

2 O. Farkas and J. T. Povlishock, Prog. Brain Res., 2007, 161, 43–
59.

3 V. L. Arvanian, L. Schnell, L. Lou, R. Golshani, A. Hunanyan,
A. Ghosh, D. D. Pearse, J. K. Robinson, M. E. Schwab and
J. W. Fawcett, Exp. Neurol., 2009, 216, 471–480.

4 H. Levkovitch-Verbin, H. A. Quigley, K. R. Martin, D. J. Zack,
M. E. Pease and D. F. Valenta, Invest. Ophthalmol. Visual Sci.,
2003, 44, 3388–3393.

5 M. Fitzgerald, C. A. Bartlett, A. R. Harvey and S. A. Dunlop, J.
Neurotrauma, 2010, 27, 439–452.

6 C. A. Oyinbo, Acta Neurobiol. Exp., 2011, 71, 281–299.
7 T. I. Peng and M. J. Jou, Ann. N. Y. Acad. Sci., 2010, 1201, 183–
188.

8 A. Lau and M. Tymianski, Püg. Arch., 2010, 460, 525–542.
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