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Statins are currently the most prescribed hypercholesterolemia-lowering drugs worldwide, with estimated
usage approaching one-sixth of the population. However, statins are known to cause pleiotropic skeletal
myopathies in 1.5% to 10% of patients and the mechanisms by which statins induce this response, are not
fully understood. In this study, a 3D collagen-based tissue-engineered skeletal muscle construct is utilised
as a screening platform to test the eﬃcacy and toxicity of a new delivery system. A hyaluronic acid derived
nanoparticle loaded with simvastatin (HA-SIM-NPs) is designed and the eﬀect of free simvastatin and
HA-SIM-NPs on cellular, molecular and tissue response is investigated. Morphological ablation of myotubes and lack of de novo myotube formation (regeneration) was evident at the highest concentrations
(333.33 µM), independent of delivery vehicle (SIM or HA-SIM-NP). A dose-dependent disruption of the
cytoskeleton, reductions in metabolic activity and tissue engineered (TE) construct tissue relaxation was
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evident in the free drug condition (SIM, 3.33 µM and 33.33 nM). However, most of these changes were
ameliorated when SIM was delivered via HA-SIM-NPs. Signiﬁcantly, homogeneous expressions of MMP2,
MMP9, and myogenin in HA-SIM-NPs outlined enhanced regenerative responses compared to SIM.
Together, these results outline statin delivery via HA-SIM-NP as an eﬀective delivery mechanism to inhibit
deleterious myotoxic side-eﬀects.

Introduction

Due to poor solubility and toxic side eﬀects, various drugs fail
to deliver their full therapeutic potential.1 Drugs are formulated using surfactants, synthetic polymers or other amphiphilic molecules that indirectly hamper the eﬃcacy and
potency of the compound. In addition, several synthetic polymers and excipients used for drug delivery applications elicit
undesired immune activation, significantly limiting their clinical translation.2 Therefore, delivery systems that could
enhance the solubility, bioavailability and mitigate potentially
toxic side eﬀects are required.3
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Statins are the most prescribed hypercholesterolemia-lowering drug worldwide.4–7 According to the prediction of cardiovascular risk factors more than one-sixth of the worldwide
population (a billion) are now estimated to use statins.8
Simvastatin (SIM) is a subtype of lipid-lowering drugs from the
statin family that has beneficial cholesterol lowering eﬀects,
through the prevention of the enzyme activity of hydroxylmethyl glutaryl coenzyme A (HMG-CoA) reductase.5
Specifically, SIM molecules occupy the HMG binding site of
the enzyme, inhibiting the synthesis of cholesterol.9 Out of the
eight statins, SIM has the third highest relative lipid lowing
potency and second greatest half-life in plasma for a particular
potency. As such, SIM is one of the most prescribed drugs for
the prevention of cardiovascular diseases.10
Although statins have positive eﬀects on cardiovascular
health, some statins are known to have adverse eﬀects and are
reported to cause myopathies that range from fatigue and
muscle weakness to rhabdomyolysis; a life-threatening condition of skeletal muscle (SkM) proteolysis (also referred to as
myotoxicity). The mechanisms and pathways that govern the
myotoxicity related to any statin are poorly defined, however
such myopathies aﬀect nearly 1.5% to 10% of patients causing
significant pain and discomfort.11 Despite high potency and
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low solubility,10 delivery of SIM is typically in tablet form via
oral administration.12 To this end, it is necessary to develop
and test new mechanisms for the delivery of SIM, which would
minimise the myopathic eﬀects of the drug.
Nanomedicine strategies allow eﬃcient drug loading,
prevent premature drug elimination by the reticuloendothelial
system (RES) and block interactions with immune stimulatory
cells, thereby reducing side eﬀects.13 Engineering nanocarriers
using glycosaminoglycans (GAGs) are advantageous due to
being the main component of extracellular matrix (ECM),
while possessing natural biocompatibility and biodegradability.14 The therapeutic potential of nanocarriers is well documented as a targeted drug delivery agent for anticancer
studies.15,16 Tailoring nanocarriers using GAGs oﬀers significant promise for cellular delivery of toxic drugs as they provide
eﬀective stealth properties and mitigate the toxic side eﬀects
mediated by the drug.17
HA is known to play an important role in muscle repair
by upregulating myoblast migration, diﬀerentiation18 and
enhancing the recruitment of muscle progenitor cells.19
Furthermore, HA has been well known to regulate multiple
aspects of tissue repair and regeneration by modulating the
activation of inflammatory cells.20 Therefore, tailoring HAbased nanocarriers oﬀers a promising strategy for SkM applications. This inspired us to study the eﬃcacy of HA derived
nanoparticles for the delivery of SIM.
In order to study the eﬀects of certain drugs and carriers,
in vitro 3D tissue engineered (TE) constructs have been proposed as a suitable model platform, as they accurately recapitulate in vivo structures compared to traditional monolayer cell
cultures.21 Designing 3D TE SkM by encapsulating muscle precursor cells (or myoblasts) within an ECM mimetic gel would
provide physiologically relevant tissue model for evaluating the
drug responses to human tissue.22 3D TE SkM constructs have
previously been used to examine the force response to SIM
treatment, using image-based motion detection technology of
silicone posts.23 Although these models are very useful, they
were not used to study the drug response at the molecular
level. The aim of the current investigation was to study the
eﬀect of SIM on myotoxicity and evaluate the eﬃcacy of ECM
mimetic nanocarriers for SIM delivery. We successfully tailored
HA derived nanocarriers for SIM delivery and demonstrated its
osteoinductive eﬃcacy in pre-osteoblast cells and investigated
the eﬀect of SIM and SIM loaded nanocarriers on inducing
myotoxicity in 3D TE SkM constructs at the tissue, cellular and
molecular levels.

2. Experimental section
2.1

Materials

Hyaluronic acid (HA, MW 130 kDa) was purchased from
LifeCore Biomedical (Chaska, USA). Dopamine hydrochloride
(DA), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC), 1-hydroxybenzotriazole hydrate (HOBt), fluorescein-5-thiosemicarbazide (FTSC) were purchased from
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Sigma-Aldrich. Simvastatin (SIM) was purchased from Tocris
bioscience (Bristol, UK). Dialysis membranes used for purification were purchased from Spectra Por-6 (MWCO 3500). All
other chemicals were purchased from Sigma-Aldrich. All solvents were of analytical quality. The NMR experiments (δ scale)
were recorded with Varian Mercury 300 MHz or JEOL ECZR
500 instruments, operating at 500 MHz for 1H. Spectra for all
HA conjugates were recorded in D2O at 293 K.
2.2

Synthesis of dopamine modified hyaluronic acid (HA-DA)

HA (1 mmol, 400 mg, 1 equivalent) was dissolved in 60 mL
deionised water, to which 1 mmol (153 mg, 1 equivalent) HOBt
and 1.5 mmol (285 mg, 1.5 equivalent) DA was then added.
The pH of the reaction solution was adjusted to 5.5 with 1 M
HCl and 1 M NaOH. Then 1 mmol EDC (192 mg, 1 equivalent)
was added in 4 batches at 30 minutes interval. pH of the solution was maintained at 5.5 for 6 hours, and then allowed to
stir overnight. The reaction mixture was loaded into a dialysis
bag (Spectra Por-6, MWCO 3500 g mol−1) and dialysed against
dilute HCl ( pH = 3.5) containing 100 mM NaCl (4 × 2 L,
48 hours) and then dialysed against deionised water (2 × 2 L,
24 hours). The solution was lyophilised to obtain fluﬀy
material. Degree of dopamine conjugation was 4.1% (with
respect to the disaccharide units of HA) which was estimated
by UV measurement (at pH 7.4 in PBS buﬀer) using the dopamine extinction coeﬃcient of 2.67 mM−1 cm−1 at 280 nm.24
The HA-DA polymer was further characterized by 1H NMR
spectroscopy (Fig. S1 in ESI†).
2.3 Synthesis of dopamine modified hyaluronic acid
nanoparticle (HA-D-NPs)
The conjugation of FTSC on dopamine modified hyaluronic
acid (HA-DA) was carried out by carbodiimide coupling chemistry. Briefly, 0.625 mmol of HA-DA (250 mg, 1 equivalent) was
dissolved in 60 mL of deionised water. Thereafter, 0.125 mmol
FTSC (53 mg, 0.2 equivalent) and 0.625 mmol HOBt (95.6 mg,
1 equivalent) was dissolved in 30 mL of DMSO and added
dropwise to the aqueous HA-DA solution. The reaction mixture
was stirred for 30 minutes (until it becomes homogeneous, no
turbidity), and the pH of the reaction mixture was adjusted to
4.7 by careful addition of 1 M NaOH. Finally, 0.315 mmol
EDC·HCl (60.4 mg, 0.5 equivalent) was added in 3 batches at
30 minutes interval, and the mixture was stirred overnight.
The reaction mixture was loaded into a dialysis bag (Spectra
Por-6, MWCO 3500 g mol−1) and dialysed against dilute HCl
( pH = 3.5) containing 100 mM NaCl (4 × 2 L, 48 hours) and
then dialysed against deionised water (2 × 2 L, 24 hours). The
solution was lyophilised to obtain as yellow fluﬀy material.
This product was finally washed with methanol to remove any
traces of unreacted FTSC. Degree of FTSC conjugation was
2.4% (with respect to the disaccharide units) which was estimated by UV measurement (at pH 7.4 in water) using the FTSC
extinction coeﬃcient of 78 000 M−1 cm−1 at 492 nm.25 The
HA-D-FTSC polymer was further characterized by 1H NMR
spectroscopy (Fig. S2 in ESI†).
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2.4

Preparation of SIM loaded nanoparticles (HA-SIM-NP)

SIM was loaded on the HA-D-NPs by reverse emulsion method.
Briefly, 60 mg of HA-D-NPs was dissolved in 30 mL of DMSO.
Thereafter, 6 mg of SIM was added under magnetic stirring
(850 rpm) and the reaction mixture was stirred overnight.
Thereafter, 60 mL of deionised water was carefully added dropwise to the DMSO solution to avoid excess heat generation and
assemble the nanoparticles. The reaction mixture was subsequently loaded into a dialysis bag (Spectra Por-6, MWCO
3500) and dialysed against deionised water (5 × 2 L, 24 hours).
The unloaded drug (insoluble) was recovered by filtering
through a 0.45 µm filter and the filtrate was lyophilised yielding 50 mg of orange-yellow fluﬀy product. The drug trapped in
the 0.45 µm filter was recovered by washing with methanol–
water solution (50 : 50) (till no further increment in UV absorbance) to estimate the unloaded drug. The unloaded drug was
found to be 19.6% of the total drug, which was quantified by
UV measurement using SIM extinction coeﬃcient of 15 068
M−1 cm−1 at 230 nm.26
2.5 Determination of encapsulation of SIM in the NP and
drug loading eﬃciency
For calculating the percentage of drug loading, the
HA-SIM-NPs were disrupted by incubating the sample in
DMSO at 1 mg mL−1 concentration at 37 °C for 24 hours.
Thereafter, the soluble drug was isolated from the polymer by
filtering through 0.2 µm membrane filter. The DMSO solution
was freeze dried and subsequently dissolved in methanol–
water solution (50 : 50) to estimate the percentage loading
using UV measurements as described above.
2.6

Particle size and surface zeta potential measurement

The particle size distribution and surface zeta potential
measurement were carried out using Zetasizer Nano ZS,
Malvern. HA-SIM-NPs and HA-D-NPs were dispersed in deionised water at 0.33 mg mL−1 concentration at 25 °C and the
hydrodynamic size of the nanoparticles were recorded using
10 × 10 × 45 mm disposable polystyrene cuvette at 25 °C. The
surface zeta potential was subsequently measured at 25 °C
using disposable folded capillary DTS1070 cells.

Biomaterials Science

2.8 Cell culture conditions for alkaline phosphatase (ALP)
assay
In order to test the osteoinductive property of SIM, clonal preosteoblastic cell lines (MC3T3-E1) derived from new born
mouse calvaria were cultured in α-MEM (Gibco, Thermo-scientific) with nucleosides and without ascorbic acid along with
10% foetal bovine serum at 37 °C in 5% CO2.
2.9

Measurement of ALP assay

MC3T3-E1 cells were counted using Countess II cell counter
(Life technologies) and 40 000 cells were seeded in each well of
a 24-well plate. The plates were incubated at 37 °C in 5% CO2
for 18 hours after which the medium was changed and fresh
medium along with SIM (80 µg mL−1) was added to the wells.
The nanoparticles loaded with SIM (HA-SIM-NP) were also
added to the wells such that the final concentration of the drug
is 80 µg mL−1. Nanoparticles without SIM (HA-D-NPs) and
untreated cells were used as control. The cells were then incubated for 24 hours after which medium was changed and fresh
medium added. The ALP activity was measured with the alkaline phosphatase colorimetric assay kit (ab83369, Abcam) at
day 2, 4, 6, 10 and 14. Briefly, the cells were washed with PBS,
trypsinised and re-suspended in 200 µl assay buﬀer. The cell
lysates were then centrifuged at high speed for 15 minutes. The
supernatant was collected and 40 µL of it was added to 96-well
plate. The samples were incubated for 60 minutes at 25 °C after
the addition of 40 µL of assay buﬀer and 50 µL of 5 mM p-nitrophenyl phosphate. The absorbance was then measured at
405 nm using an Envision PerkinElmer system.
2.10 Cell culture conditions for 3D TE muscle constructs
C2C12 myoblasts (Public Health England, sourced from the
European Collection of Authenticated Cell Cultures (ECACC))
at passages 3–12 were maintained in growth medium (GM)
consisting of: Dulbecco’s Modified Eagle’s Medium (DMEM)
(Sigma-Aldrich, UK) supplemented with 20% v/v fetal calf
serum (First Link Ltd, United Kingdom) and 1% v/v penicillin–
streptomycin (Gibco Life Technologies, UK). All cell cultures
were kept in a humidified incubator at 37 °C and 5% CO2 for
the duration of the experiment.
2.11 Chamber configuration

2.7

Surface topography analysis by atomic force microscopy

Atomic Force Microscopy (AFM) topography of surface was
taken using XE10 Park systems at room temperature. The AFM
images were recorded by scanning in non-contact mode under
air. The probe was supported on an APPNANOTM AFM cantilever (Applied NanoStructures Inc., USA, type: ACTA). The spring
constant was 25–75 N m h. 10 µL of 0.1 mg mL−1 SIM loaded
nanoparticles (HA-SIM-NP) in water were drop-casted on a thin
glass sheet and dried in air for 2 hours. The surface roughness
of the samples was determined from the data by XEI 1.7 image
processing software (Park Systems, Santa Clara, USA). Diﬀerent
areas on the surfaces were analysed to check the consistency of
the surface roughness data.
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Manufactured chambers were fabricated from poly(ether ether
ketone) (PEEK), a polymer that is biocompatible for use with
cell cultures.41 The custom manufactured chamber has inbuilt
cylindrical attachment/anchor points that are posts set within
the wells (Fig. S3 in ESI†). The chamber dimensions are
10 mm × 21.5 mm × 5 mm, with the volumetric capacity of
0.5 mL. As in previous studies, these chambers were designed
and tested for use within 6-multi-well plates.27
2.12 Engineering skeletal muscle tissue scaﬀolds using 3D
collagen matrix
SkM TE constructs were engineered for evaluating the activity
of SIM and HA-SIM-NP on diﬀerentiated aligned myotubes as
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seen in vivo. For this purpose, type-1 collagen hydrogels were
prepared following a previously published protocol.28–31
Collagen hydrogels were composed of 85% v/v Type 1 collagen (2.05 mg mL−1) (First Link, UK), 10% of 10× minimal
essential media (MEM) (Gibco, Life Technologies, UK) and 5%
v/v GM containing C2C12 cells at cellular density of 4 × 106 per
mL. To prepare the hydrogels, collagen-MEM solution was neutralised via dropwise addition of NaOH at 5 M and then 1 M
concentrations, prior to the addition of cell suspensions. Once
neutralised the collagen solution containing cells remained on
ice, until casting into the PEEK chambers. The homogeneous
mixed seeded constructs were cast into the 0.5 mL PEEK
chambers and placed in a humidified incubator at 37 °C and
5% CO2 for 15 minutes. Following polymerisation, 6 mL of GM
was added to each construct. GM was replenished every
24 hours, for 4 days, at which point the medium was removed
and replaced with diﬀerentiation medium (DM) consisting of
DMEM supplemented with 2% v/v horse serum (SigmaAldrich, UK) and 1% v/v penicillin–streptomycin (Gibco Life
Technologies, UK). DM was replenished at 24-hour intervals
for the remaining 17 days of culture. The experimental duration was 21 days; allowing 7 days post tissue maturation for
assessment of SIM on SkM gene expression and myotube morphology. Eighteen hydrogels were prepared for each concentration, derived from n = 3 experimental repeats; totalling nine
hydrogels per analysis per SIM concentration/condition.
2.13 SIM & HA-SIM-NP administration and incubation
SIM, in both aqueous and HA-SIM-NP forms, was reconstituted
in PBS and briefly vortexed to ensure a homogeneous solution
prior to administration. The use of PBS for dilution of aqueous
SIM was intended to match the delivery vehicle of HA-SIM-NP,
with typical agents; DMSO and ethanol eliciting deleterious
eﬀects to the HA-NP. Concentrations of aqueous SIM and
HA-SIM-NP were categorized as high (333.33 µM), intermediate
(3.33 μM) and low (33.3 nM) with respect to the total delivered
drug content. To obtain the above listed concentrations, SIM
(5 mg) was diluted in 1.195 mL to obtain a 10 mM stock prior
to being serially diluted 1 in 10 to obtain further stocks of
1 mM, 100 µM, 10 µM and 1 µM. Final concentrations were
then obtained by adding 200 µL of each stock to 6 mL of DM
to simulate bolus drug delivery. Drug-free nanoparticles
(HA-D-NPs), were used as a negative control. A further control
of standard HA (333.33 μM) was included, to account for the
eﬀect of this naturally occurring in the ECM. Constructs were
administered with drug conditions for 24 hours on day 14,
prior to a further 6 days in culture investigate the eﬃcacy of
SIM delivery mechanisms. 21 day no treatment controls were
also included for separately both SIM and HA-SIM-NP, to
account for increased SkM construct maturation across time.
2.14 Cell viability alamarBlue® assay
Cellular viability, indicative of myotoxicity, was measured
using an alamarBlue® assay. A 10% (v/v) alamarBlue® solution
within un-supplemented medium (89% DMEM and 1% penicillin–streptomycin) was added to each well at day 21 and incu-
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bated for 4 hours. 100 μl of solution was added in triplicate to
black-well 96 multi-well plates (Nunc Ltd, United States of
America). Absorbance was measured using a Varioskan
Fluorscan (Thermo-Scientific, United State of America) with
excitation at 540–570 nm and emission at 580–610 nm. Cell
metabolic activity for all conditions were normalised to their
internal control for that experiment. Extrapolated data of
diﬀerent concentrations were normalised to their non-drug
control by subtraction of mean control value to remove possible background interference.
2.15 Fluorescent staining
At experimental termination, constructs were fixed using 3.7%
paraformaldehyde for ≥1 hour. Constructs were washed three
times in 1× tris-buﬀered saline (TBS), prior to being permeabilised via addition of 0.2% v/v Triton X-100 (Thermo Fisher
Scientific, United Kingdom) solution diluted in TBS for
2 hours. Constructs were then incubated overnight within rhodamine-phalloidin (Life Technologies, United States of
America) diluted 1 : 200 v/v in TBS. The following day, constructs were washed three times with 1× TBS before addition of
4′,6-diamidino-2-phenylindole (DAPI) (Life Technologies,
United States of America) diluted 1 : 2000 v/v in TBS for
≥30 minutes. Following a final three washes with 1× TBS, constructs were placed on polylysine-coated microscope slides
(VWR, United Kingdom) and mounted to a coverslip using
Fluoromount™ (Sigma-Aldrich, USA) mounting medium.
2.16 Microscopic & macroscopic images
Images of fluorescently stained TE SkM constructs were
obtained using a Confocal Microscope (Zeiss LSM 880, Carl
Zeiss, Germany) using a 40× oil immersion objective. Sets of
12 random images were taken of myotubes within the constructs of each concentration for each condition. Macroscopic
images of whole constructs within their chambers were taken
throughout the experiment to determine hydrogel deformation
(Fig. 6).
2.17 Image analysis of seeded collagen skeletal muscle
construct
All images (micro and macroscopic) were processed using FIJI
Software by Image J (NIH, Bethesda, MD). The following list of
measurements were taken (known in this paper as the
myotube index): myotube width, length, fusion index, number
of myotubes, cell density and the number of nuclei per
myotube. Only three are presented and discussed below, as
these measures were determined to be most relevant: myotube
width, fusion index and number of myotubes. Myotube classification was determined when a single elongated membrane
structure contained 3 or more nuclei.32,33 Irregular masses,
clumps (myo-sacs) or multi-branched aggregate conformations
(dysmorphic myotubes), with three or more nuclei were not
counted as myotubes. Most myotubes were aligned, to the uniaxial isometric lines of strain within the gel. An average of
10 measurements enabled an average myotube diameter to be
calculated.34,35 The fusion index was calculated as the number
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of nuclei residing within myotubes expressed as a percentage
value for the total number of nuclei per image frame.36
2.18 RNA extraction and real-time polymerase chain reaction
(RT-qPCR)
3D TE SkM constructs for all treatment types were detached
from their anchor points and transferred to sterile 1.5 mL
microcentrifuge tubes containing 500 µl of TRI Reagent
(Sigma-Aldrich, United States of America) prior to being snap
frozen in liquid nitrogen. The homogenization process
(maximal shear) was achieved using agitation via needle (23/
21G) and syringe. RNA was extracted using the TRIzol method,
according to manufacturer’s instructions (Sigma). RNA concentration and purity were obtained by UV spectroscopy at ODs of
260 and 280 nm using a Nanodrop 2000 (Fisher, Rosklide,
Denmark). All RNA samples were analysed in duplicate. Twenty
nanograms of RNA were used per RT-PCR reaction for RPII-β,
Myogenin, MMP2 and MMP9 (the primers used for the estimation of mRNA expression is provided in Table S1 in ESI†).
RT-qPCR amplifications were carried out using Power SYBR
Green RNA-to-CT 1 step kit (Qiagen) on a ViiATM Real-Time
PCR System (Applied bio-systems, Life Technologies), analysed
using ViiATM 7RUO Software. RT-qPCR procedure was as
follows: 50 °C, 10 min (for cDNA synthesis), 95 °C, 5 min (transcriptase inactivation), followed by 95 °C, 10 s (denaturation),
60 °C, 30 s (annealing/extension) for 40 cycles. Relative gene
expressions were calculated using the comparative CT (ΔΔCT)
equation for normalised expression ratios; relative expression
calculated as 2-ΔΔCT, where CT is representative of the
threshold cycle. RPII β was used as the housekeeping gene in
all RT-PCR assays. To compare conditions, one SkM control
sample at day 21 was used as the calibrator condition in the
CT (ΔΔCT) equation. RT-PCR data is presented as relative gene
expression level, determined by the ΔΔCT equation.52
2.19 Statistical analysis
Mauchly’s test of sphericity and Shapiro–Wilk tests were used
to confirm homogeneity of variance and normal distribution
of data respectively. Where parametric assumptions were met,
one-way factorial analysis of variance (ANOVA) were performed
for myotube Index. Two-way ANOVA were used for construct

Scheme 1

deformation and alamarBlue® cellular viability using
GraphPad Prism software V6 (GraphPad Software Inc., United
States of America). These tests were used to determine if statistical diﬀerences existed between the two diﬀerent delivery
methods of aqueous and HA-SIM-NPs delivery, where significance between individual conditions were determined using
Bonferroni post-hoc analysis. All data is reported as mean ±
standard deviation (SD) per condition at day 21 unless otherwise stated. Significance was assumed at P ≤ 0.05.

3. Results and discussion
3.1

Synthesis of hyaluronan derived nanoparticles

It is well characterised that SIM has low solubility,12 a bioavailability of less than 5%,37 and is also known to exhibit
adverse myotoxicity.38 Therefore, we engineered an ECM
derived nanocarrier that could enhance the solubility and preserve bioactivity, allowing us to examine the role of the drug
and the delivery mechanism on myotoxicity. For this purpose,
polymeric HA-based nanoparticles were synthesised by inducing HA amphiphilicity via conjugating non-toxic aromatic fluorescein and dopamine molecule using carbodiimide chemistry (Scheme 1). We hypothesised that hydrophobic fluorescein and dopamine molecules would synergistically stabilise
the hydrophobic SIM drug, via van der Waals interactions.
Such formulations (HA-DA-FTSC or HA-conjugate NPs) have
previously been shown to contribute to enhanced cell
adhesion, proliferation and viability, demonstrating suitable
ability in biological applications.39–41
The degree of chemical modification of fluorescein and
dopamine in HA-D-FTSC were 2.4% and 4.1% respectively, as
determined by ultraviolet (UV) spectroscopy at pH 7.4 within
PBS buﬀer (Fig. 1a). The percentage of SIM loading on the
HA-SIM-NP was estimated to be 8% by weight (corresponding
to 80% drug loading with respect to the feed ratio) as determined by UV spectroscopy. The loading was further confirmed
by recovering the unloaded insoluble SIM (∼20%) by filtering
the dialysed reaction mixture with 0.45 µm filters. The
HA-SIM-NP morphology and size were analysed via AFM
(Fig. 1b). The AFM surface topology assessment outlined that

Schematic representation of the synthesis and self-assembly of SIM laoded HA nanoparticles.
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Fig. 1 (a) UV-VIS spectrum of SIM, HA-D-NPs and HA-SIM-NPs recorded in water at 25 °C. (b) AFM image showing the spherical topology of
HA-SIM-NP in the range of 200–300 nm.

Fig. 2 The hydrodynamic size of (a) HA-D-FTSC and (b) HA-SIM-NPs
and zeta potential of (c) HA-D-FTSC and (d) HA-SIM-NP as determined
at 25 °C in water by dynamic light scattering measurements using
Malvern’s Zetasizer NanoZS.

HA-SIM-NPs were spherical in nature, at 200–300 nm in size.
Subsequently, we estimated the hydrodynamic size of HA-DNPs and HA-SIM-NP by dynamic light scattering (DLS) experimentation, found to be 661 nm and 280 nm respectively
(Fig. 2a and b). The addition of the hydrophobic SIM drug into
the HA-D-NPs augmented the amphiphilicity, resulting in
shrinkage and decreases in size (Fig. 2b). Thereafter, an estimation of the net surface charge of the particle was measured
using the zeta potential (δ). The δ of HA-D-NPs and HA-SIM-NP
were found to be −28.4 mV and −25.6 mV respectively (Fig. 2c
and d), suggesting that high net negative charge on the particles promoted high electrostatic repulsion between nanoparticles. This ensures eﬃcient stabilisation and prevents
aggregation of the NPs upon lyophilisation.39
3.2 Hyaluronan derived nanoparticles delay osteogenic
diﬀerentiation of MC3T3-E1 cells
SIM has previously been demonstrated to stimulate osteogenic
diﬀerentiation of stem cells.42 Therefore, to test the functional
activity of SIM loaded in HA-SIM-NPs, osteogenic diﬀeren-
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Fig. 3 ALP activity: The ﬁgure depicts the ALP activity due to eﬀect of
the free aqueous drug (SIM), nanoparticles loaded with drug at equivalent concentration (HA-SIM-NPs) and nanoparticles without SIM
(HA-D-NP), compared with respect to untreated control MC3T3-E1 cells.

tiation experiments using clonal pre-osteoblastic cell lines
(MC3T3-E1) were conducted. MC3T3-E1 cells were incubated
with 80 µg mL−1 (∼190 µM) of the aqueous SIM drug (dissolved in 70% ethanol and reconstituted in cell culture
medium) or the drug equivalent of HA-SIM-NPs (dissolved in
medium). The rate of diﬀerentiation was evaluated by measuring the early osteoblast marker, alkaline phosphatase (ALP) at
diﬀerent time-points.43 No diﬀerences were observed at the
early time points (day 2 and 6) however, the aqueous drug
delivery promoted higher ALP expression than HA-SIM-NPs
(Fig. 3) after 14 days in culture. As the diﬀerentiation of
MC3T3-E1 cells to osteoblasts proceeds slowly, it is reasonable
to speculate that the lower expression of ALP by HA-SIM-NP
may be due to slower release of the drug when compared with
free SIM.44 Nevertheless, the osteoblastic diﬀerentiation of
MC3T3-E1 by HA-SIM-NPs demonstrates release of active drug
from the nanoparticles.
3.3 Hyaluronan derived nanoparticles inhibit simvastatin
induced myopathy
After establishing the functional activity of SIM in HA-SIM-NPs
via osteoblastic diﬀerentiation of MC3T3-E1 cells, the eﬃcacy
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of HA-SIM-NP as a delivery mechanism for SIM was evaluated
within a TE SkM model, compared to standard aqueous SIM
administration. SIM administration altered the morphological
appearance of myotubes cultured in a 3D collagen matrix in a
dose response fashion, regardless of delivery mechanism at
high concentrations (Fig. 4). The sensitive nature of the dose
dependent morphological disruption observed within this
work (following SIM and/or HA-SIM-NP treatment), demonstrates that the TE SkM model utilised is a viable method for
the investigation of mechanisms that contribute toward stain
induced myopathy.
The highest concentration (333.33 µM) in both conditions
resulted in degradation of myotubes and physical myotube disruption (i.e. 6 membrane fragments and compromised nuclei).
This was outlined with significant decreases in morphological
parameters of fusion, myotube width and number compared
to control conditions (Fig. 6, P ≤ 0.0005). The definitive
mechanism for statin-related myotube disruption is yet to be
fully elucidated, however, contributing factors are hypothesised to include apoptosis and/or necrosis, that result in the
disruption of the cytoskeleton.45,46 The dose response
observed in this study further coincides with monolayer
studies that found high statin concentrations elicited impaired
morphological myotube phenotypes (shorter or thinner myotubes). In addition, cellular degradation, changes in cell/
myotube contour, cytoplasmic vacuolation, or disruption and/
or loss of myotubes were also noted,4,47 in a concentration
dependent manner. Two independent monolayer studies,48,49
further support this assertion, using fluorescent based cellular
morphology change to ascertain apoptosis of statin treated
L6 myoblasts (including SIM). Here, nuclei fragmentation was
observed after treatment with high doses of 10 mM fluvastatin

Biomaterials Science

or SIM for 2 days. Utilising a 3D TE SkM, further work demonstrated decreases in active force with 1–3 days incubation at
high atorvastatin (stronger in its eﬀect than SIM) concentrations (2.5–25 µM) and 3–5 days at lower levels (0.01 µM).23
Significantly, reductions in both width and myotube
number observed in 3.33 µM doses were negated when SIM
was delivered via hyaluronan nanoparticles (HA-SIM-NPS, P ≥
0.05), however aqueous SIM delivery continued to inhibit
fusion and impair morphological indices of width and
number 6 days post drug administration. This data would
appear to outline a protective capacity of drug administration
within HA-SIM-NPs. HA has been reported amongst the literature as a positive promoter of myotube development,18 which
correlates with the significant increases in myotube width
(P ≤ 0.0005) and comparative fusion of nuclei to control conditions. As such, it is evident that HA-SIM-NP, as novel nanoparticle drug carriers, contribute to a HA induced hypertrophic
myotube phenotype and/or slower drug release kinetics that
are suﬃcient to counteract SIM induced myopathy at physiologically significant intermediate doses (3.33 µM).
3.4 Simvastatin reduces metabolic activity of murine tissue
engineered skeletal muscle in a dose-dependent manner
Cell viability data (Fig. 5) outlined a significant decrease in
metabolic activity (P ≤ 0.05) across all aqueous SIM concentrations compared to its respective control. However, when
delivered via HA-SIM-NPs treatment, significant decreases
were only observed in the high (333.33 µM) and intermediate
(3.33 µM) concentrations in comparison to control (P ≤ 0.0001
and P = 0.0009 respectively). As such, the comparable levels of
metabolic activity in SkM hydrogels treated with the lowest
concentration (33.33 nM) of HA-SIM-NPs compared to the

Fig. 4 Morphological staining of actin cytoskeleton (red) and nucleic DNA (blue) of tissue engineered skeletal muscle 6 days after aqueous (SIM) or
nanoparticle (HA-SIM-NP) delivery of simvastatin. A.–B. controls at days 14 and 21 respectively. C., F., H., are HA-SIM-NPs. D., G., I., are the free
aqueous SIM constructs. Doses: C.–D. 333.33 µM. F.–G. 3.33 µM. H.–I. 33.33 nM. E.–J. are positive (HA) and neutral (HA-D-NPs) controls respectively, as explained in the methods delivered at the highest dose. Images show clear distinction of myotube degradation at the higher doses
333.33 µM to 3.33 µM, with progressive myotube preservation towards the lower doses (33.33 nM). Scale bars = 50 µm.
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tissue in vivo,53 due to low solubility in aqueous solutions or
tablet form via oral administration.12 Therefore, increasing the
solubility, bioavailability and release rate of this compound via
HA-SIM-NPs may aid hepatic liver metabolism and consequentially reduce myotoxic side eﬀects via reduced concentrations
reaching the SkM tissue.33,38
3.5 Simvastatin administration elicits delivery dependent
myotube/extracellular matrix interaction

Fig. 5 Cell viability of tissue engineered skeletal muscle constructs 6
days post aqueous (SIM) or nanoparticle (HA-SIM-NP) simvastatin delivery. Signiﬁcance is indicated by notation bars that link an appropriate
concentration to control (P < 0.05). All data reported as mean ± SD
derived from n = 3 constructs from 3 independent repeats for each
condition.

control appears to indicate a protective capacity of this delivery
mechanism and that this concentration is non-toxic to the
SkM myotubes. Furthermore, HA-SIM-NPs appeared to inhibit
SIM induced reductions in metabolic activity at intermediate
(3.33 µM, P = 0.333) and high (333.33 µM, P ≤ 0.0001) concentrations. Together, this would indicate that the incorporation
of SIM with nanoparticle formulations that elicit the slow
release of this drug, in addition to the presence of HA, may
provide an eﬀective novel alternative for the delivery of statins
to reduce myopathic side eﬀects. Cytotoxicity assays have previously been used to investigate the viability of skeletal muscle
cell lines (RD and L6) after incubation with various concentrations of statins.47,50,51 Here, decreases in cell metabolism
based on the redox (metabolic) activity of the simvastatin drug
was observed. Further work has also outlined the significance
of simvastatin’s action in the reduction of cell metabolism,
predominantly in a dose dependent manner.52 SIM induced
myopathy is arguably linked to its accumulation in muscle

Alterations in the structural integrity or biochemical environment of SkM can aﬀect the cellular interactions that govern
the surrounding ECM. As such, analysing the rate at which TE
constructs reduce in size in response to longitudinal tension
(deformation) via matrix remodelling, can aﬀord an insight
into the extent to which SIM treatment aﬀects myoblast-matrix
interactions. To determine whether relaxation and subsequent
re-expansion of the 3D collagen matrix occurs in response to
SIM administration, only the highest dose (333.33 µM) was utilised due to the significant eﬀect on SkM morphology in this
concentration. All constructs were analysed across time from
day 14 (day of drug administration), with further measurements being taken at 18 days and experimental end point (day
21; Fig. 7). Construct matrix relaxation was apparent immediately post drug administration (day 14) and at day 18 when
treated with SIM. Although this eﬀect appeared reduced when
delivered via HA-SIM-NPs, no statistical significance between
delivery vehicles or control conditions were observed. At experimental termination time-points (day 21) delivery of aqueous
SIM had, however, elicited a significant decrease in construct
stiﬀness compared to control (P = 0.0061). Furthermore, the
delivery of this statin within HA-SIM-NPs counteracted the
apparent matrix relaxation (P = 0.0037), outlining a protective
eﬀect of this delivery agent in statin induced myopathy. This
data coincides with the morphological responses observed,
albeit at high doses. Morphological restoration was apparent
at intermediate doses of 3.33 µM, however this data would
indicate that HA-SIM-NP inhibits myotoxicity to some degree

Fig. 6 Graphical representation of the morphological analysis for simvastatin delivery in nanoparticle (HA-SIM-NP) and aqueous form (SIM) at
333 µM, 3.33 µM and 33.3 nM doses, in addition to simvastatin free nanoparticles (HA-D-NPs) and hyaluronic acid (HA) controls. All data reported as
mean ± SD derived from n = 3 constructs from 3 independent repeats for each condition. Signiﬁcance to control *P ≤ 0.05, **P ≤ 0.01, ***P ≤
0.0005. Asterisks donate signiﬁcance in both conditions compared to respective control groups unless speciﬁcally stated (NP or SIM).

This journal is © The Royal Society of Chemistry 2020

Biomater. Sci., 2020, 8, 302–312 | 309

View Article Online

Paper

Biomaterials Science

Open Access Article. Published on 01 November 2019. Downloaded on 1/8/2023 11:47:51 AM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

3.6 Hyaluronan derived nanoparticles reduce simvastatin
mediated matrix metalloproteinase gene transcription

Fig. 7 Skeletal muscle construct deformation immediately (14 days), 3
days (18 days) and 6 days (21 days) post aqueous (SIM) or nanoparticle
(HA-SIM-NP) simvastatin administration at 333.33 µM doses. All data
reported as mean ± SD derived from n = 3 constructs from 3 independent repeats for each condition. Signiﬁcance to control *, signiﬁcance
between SIM and HA-SIM-NP #.

even at high doses (333.33 µM), preserving myotube/matrix
interaction and passive construct tension. Alterations in
macroscopic tissue remodelling (deformation), is not a typical
measure reported amongst the literature regarding tissue
specific responses to drugs. However, the tissue relaxation
observed in this work at high doses that diﬀers to morphological change outlines a simplistic, cost eﬀective measure to
analyse cell/matrix integrity when exposed to pharmaceutical
agents. This data provides evidence that SIM administration at
333.33 µM doses eﬀects cellular structure via loss of myotube
integrity, which consequentially reduces the amount of longitudinal force generated, leading to reductions in tissue
stiﬀness. This is further supported by reductions in cellular
activity observed in comparable SIM concentrations. Delivery
via HA-SIM-NPs does however reduce this eﬀect, potentially via
the presence of HA stimulated hypertrophy and aiding SkM
regeneration as previously outlined.41,54

Analysis of key myogenic and matrix metalloproteinase (MMP)
remodelling mRNA further supports both the morphological
and macroscopic tissue data previously presented. Being
hypothesised to elicit myopathy at high doses regardless of
delivery mechanism, 6 days post SIM administration was
aﬀorded to allow for SkM regeneration and matrix re-modelling. Significant increases in MMP2 mRNA at experimental termination time-points between high (333.33 µM) aqueous SIM
doses and control (P ≤ 0.001) were observed. However, no
diﬀerence was evident when SIM was delivered via
HA-SIM-NPs. MMP2 is known within SkM to be markedly upregulated post injury after 3 days, prior to reduced transcription at 7 days, and returning to base line by 10 days.55,56 This
would indicate that high doses of SIM in both conditions
likely induced myopathy, with HA-SIM-NPs eliciting a
reduction in peak SkM degradation and hence returning to
baseline (control) transcription levels 7 days post administration, opposed to aqueous delivery which remained elevated.
Furthermore, the role of MMP2 in regeneration is centred on
ECM remodelling, specifically of type IV collagen, during early
phase skeletal myoblast proliferation, migration and fusion.55
This would indicate that the basal MMP2 transcription at
lower doses outlines a dose dependent eﬀect on SkM regeneration at these concentrations. Conversely, MMP9 expressions
were significantly potentiated within the lowest doses only in
aqueous SIM (P = 0.002) compared to control (Fig. 8).
Typically, MMP9 is an early inflammation mediated modulator
of ECM remodelling following injury, however has also been
documented to be involved in myotube formation.57–59 This
would suggest that up-regulation of this gene in the lowest
doses outlines an advanced stage of regeneration. Myogenin
transcription was however, enhanced only at intermediate concentrations 16.7 mM (P = 0.001). The comparable transcription
in both MMP2 and MMP9, taken in combination with homogeneous myogenin expression in HA-SIM-NPs, would indicate
that HA nanoparticle delivery reduced the myopathy associated

Fig. 8 mRNA expression of matrix metalloproteinase (MMP) 2 and 9, and myogenin (MYOG) 6 days (day 21) post aqueous (SIM) or nanoparticle
(HA-SIM-NP) simvastatin administration. Signiﬁcance is indicated by notation bars that link an appropriate concentration to control (P < 0.05). All
data reported as mean ± SD derived from n = 3 constructs from 3 independent repeats for each condition. *ns: no signiﬁcance noted.
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with SIM and restored SkM phenotype at enhanced rates compared in aqueous SIM. This is further evident when parameters of morphological viability, tissue integrity and metabolic activity are considered, demonstrating eﬃcacy of
HA-SIM-NPs as novel delivery vehicle for cholesterol lowering
statins and or other stimulants that negatively regulate SkM
phenotype. Future experiments should seek to determine the
physiological eﬀects of HA-SIM-NPs delivery to SkM, through
the assessment of tissue function.60 This will be fundamental
to determine whether acute physiological eﬀects are independent of observable morphological changes.

4.

Conclusions

Here, we have presented an in vitro 3D TE SkM screening platform, which can act as a pre-clinical model to understand the
action of SIM in vitro. This was achieved using a novel delivery
mechanism, whereby the toxicity of HA-SIM-NPs could be
tested. In conclusion, the delivery of SIM via HA-SIM-NPs may
be a more suitable way of statin administration to prevent
potential side-eﬀects, by reducing myotoxicity and loss of
muscle cell integrity.
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