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In this report, we employed surface-initiated activators
regenerated by electron transfer based atom transfer radical
polymerisation to graft thermo-responsive copolymers of
oligo(ethylene glycol) methacrylates from the surface of diatom
biosilica microcapsules. We demonstrate the application of the

resulting composites for thermo-responsive drug delivery.

Diatomaceous earth (DE) are the fossilised remains of single
cell photosynthetic algae that are found abundantly in marine
and fresh-water systems. Diatoms produce complex three-
dimensional (3-D) silica-based porous shells called frustules
with ordered pore structures, in species-specific patterns.l' 2
Diatoms have been studied extensively for applications in
nanofabrication, optics, water purification, solar cells,
biosensing and drug delivery owing to their unige porous
structure, good mechanical properties, biocompatibility, tailor-
able surface chemistry and low cost.>” The concept of drug
delivery from diatoms has recently been demonstrated, where
the hollow structure of the biosilica frustules acted as
microcapsules for loading therapeutics.s' 8
showed that drug release from the frustules was dependent
on the pore size and architecture of the biosilica structure and
can to some extent be controlled by altering their surface
chemistry.5 More recently, diatom frustules broken into
nanoparticles were shown to be capable of transport through
cellular membranes,9 and were used as non-toxic carriers of
siRNA into cancer cells.’® A study by Kumeria et al. described a
system based on a combination of diatom frustules with
graphene oxide layers to achieve pH-dependent drug release.”
However, even though certain progress has been made in this
area, the problem of achieving controllable drug release from
diatom biosilica microcapsules still remains to be addressed.

A strategy for controlled release via the utilisation of
stimulus-responsive polymers that act as actuators capable of

These studies
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blocking or opening the pore apertures in response to
environmental changes is well-established for nanoporous
drug carriers including porous silicon, synthetic mesoporous
silica and polymeric membranes.**™*° However, to the best of
our knowledge this concept has not yet been applied to
diatom biosilica materials. An advantage of the DE
microcapsules over other synthetic porous silica/silicon based
materials is that DE is an inexpensive material, abundantly
available in nature and can be easily processed with low
energy cost and without excessive waste or use of toxic
materials, such as in the case for synthetic silica materials.

Previous studies have demonstrated that oligo(ethylene
glycol) methacrylates (O(EG)MA) can be polymerised to attain
stimulus - responsive polymers that react to changes in the
temperature of the environment, they are thermo-
|'esponsive.20 A unique property of these polymers is that the
temperature of transition, known as the lower critical solution
temperature (LCST), is dependent on the number of ethylene
glycol units present in the monomer unit.’* 2 For example, a
homopolymer produced from the monomer with two units
(O(EG),MA) is reported to have a LCST of 26 °C while a
homopolymer produced from the monomer of molecular
weight of 300 (4 - 5 units) (O(EG),5MA) responds at a
transition temperature of around 65 °c.2 on heating above
the LCST, the polymers in solution collapse into globules.
Random  copolymers produced using two distinct
oligo(ethylene glycol) methacrylate monomers of different
molecular weights have been shown to possess LCST
transitions dependent on the ratio of the two monomers
present in the chain.?® This property offers a rather unique
opportunity as it allows to ‘dial in” the LCST of the copolymer
according to the requirements of the application. However, to
obtain narrow LCST ranges, it is imperative that the ratio of the
two monomers used be constant.?* This is best achieved using
controlled radical polymerisation techniques such as activators
regenerated by electron transfer based atom transfer radical
polymerisation (ARGET-ATRP).

In this communication, we describe a method of grafting

i.e.
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Scheme 1 a) Process of diatom biosilica microcapsule functionalisation and b) drug release from thermo-responsive polymer-grafted biosilica frustule.

stimulus-responsive O(EG)MA co-polymers from the surface of
diatom microcapsules using aqueous ARGET-ATRP. We
demonstrate the application of these modified diatoms for
controlled release of levofloxacin (LVX), a broad-spectrum
antibiotic that is used to treat bacterial infections including
those in chronic wounds.”> *® We also examine the thermo-
responsive antibacterial activity of the system against two
common wound pathogens, namely, Staphylococcus aureus
and Pseudomonas aeruginosa using a zone of inhibition assay.

DE material composed of fresh water Aulacoseria sp
diatoms was obtained from Mount Sylvia Pty. Ltd. This species
of diatoms typically produces cylindrical frustules,
approximately 10 — 20 um in length and 4 — 5 pm in diameter.’
Fig. S1 shows an SEM image of a typical Aulacoseria sp.
fusttule. The samples were purified to obtain whole un-
fractured diatoms structures in the form of hollow
microcapsules with either one or both ends open, using a
previously described method.”” The purified diatom
microcapsules were then functionalised using a 3-step process
schematically illustrated in Scheme 1a. First, the diatoms were
treated with Piranha solution for 1 hour in order to generate
hydroxyl groups on the surface. The diatom microcapsules
were then reacted with a silane-based ATRP initiator 3-(2-
bromoisobutyramido)propyl(triethoxy)silane (BiB-APTES),
synthesised in-house,11 using a previously reported aqueous
silanisation method for 48 hours.”® Oligo(ethylene glycol)
methacrylate copolymers were first synthesized in solution by
means of aqueous ARGET-ATRP using a 25% methanol-water
mixture as the solvent. The other components of the reaction

This journal is © The Royal Society of Chemistry 2015

were: a CuBr,/bipyridyl system as catalyst, ascorbic acid as
reducing agent and ethyl 2-bromoisobutyrate (EBiB) as
initiator.

These components were added to 5 mL of the solvent in
the molar ratio of 100/0.01/0.20/2.72
(monomer/CuBr,/ascorbic acid/EBiB). Following this, the
monomers O(EG),MA and O(EG),sMA were either added to
the solution on their own or at a molar ratio of 1/0.16
O(EG),MA/O(EG),sMA (P1). Polymerisation reactions were
carried out for 1 hour at 25 °C under constant bubbling of
argon gas. Once the reaction was completed, the
polymerisation mixture was diluted with tetrahydrofuran and
passed through a short column of neutral aluminium oxide to
remove the catalyst. The polymer chains were then
precipitated out in excess of diethyl ether. Cloud point (CP)
measurements (Fig. 1a) were performed in Milli-Q water (18
MQ.cm) using a Hewlett-Packard 8452 diode array UV-Vis
spectrophotometer. The CP of P1 was found to be around 36
°C with a sharp transition (AT = 4.2 °C) and little hysteresis
between the heating and cooling cycles. For the
homopolymers O(EG),MA and O(EG),sMA, CP values were
determined to be 27 °C and 67 °C, respectively

A grafting-from approach namely, surface initiated — ATRP
(SI-ATRP) was employed to graft P1 from the diatom surface.
This technique was used in order to generate high-density
polymer layers on the surfaces.” The grafting of P1 from the
surface of the diatom frustules was performed by employing a
similar protocol to the one described above with the exception
that 20 mg of BiB-APTES-functionalised diatoms were used as
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the initiator instead of EBiB. Following the reaction, the
polymer-modified diatom structures were separated from the
reaction mixture using centrifugation, washed three times with
ethanol, collected by centrifugation and dried overnight at
room temperature.

Fourier-transformed infrared (FTIR) spectra of the surface
were acquired in reflectance mode on a Nicolet iN10
microscope (Thermo scientific) after each modification step to
study the changes in the surface chemistry. The bare frustule
surface (Fig. 1b (i)) shows one large peak at around 1100 cm™
(1) that corresponds to Si-O vibrations of silica,11 and also a
peak at 1635 cm™ (2) that can be attributed to the stretching
vibration of zeolitic water.*® The broad peak around 3400 cm™
(7) corresponds to free —OH groups from adsorbed water.
Following the aqueous silanisation reaction (Fig. 1b (ii)), a
small peak appears at 1565 em™ (3) along with a larger peak at
1654 cm™ (4) that can be attributed to the N-H and C-O
vibrations of the amide present in the BiB-APTES."! The
spectrum of the polymer-modified frustule surface (Fig. 1b (iii))
shows the peak at 1100 cm™ of the silica surface as well as the
amide peaks from the BiB-APTES and additionally also shows
the appearance of a new peak 1730 em™ (5) which can be
assigned to the stretching vibration of the carbonyl present in
the polymethacrylate backbone of the polymer.31 The three
peaks present between 2800 — 3000 cm™ (6) were attributed
to the C-H stretching vibrations from the polymer chains. SEM
characterisation provided corroborating evidence for the
presence of the polymer film on the surface of the diatoms.
Fig. 1c-e shows SEM images of the diatom microcapsule
surface before modification, after BiB-APTES modification and
after grafting of P1 from the surface. The frustules of
Aulacoseria sp. are typically cylindrical in shape and have pore
openings in the order of 200 — 300 nm. In Fig. 1e, the coating
of polymer is clearly observed, blocking the pores of the P1-
modified diatoms. AFM measurements (Fig. S2a and b) also
confirmed the presence of the polymer layer on the diatoms.
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Fig. 1 a) Cloud point (CP) measurements on heating and cooling of an O(EG),MA
homopolymer (Mn — 157,632 Da), P1 (Mn — 124,769 Da) and O(EG),sMA homopolymer
(Mn — 173,425 Da) showing CPs of 27 °C, 36 °C and 67 °C, respectively, b) FTIR spectra
of the samples after (i) no modification, (ii) BiB-APTES functionalisation and (iii)
modification with P1; SEM images (scale bar = 2 um) of c) an unmodified frustule, d) a
BiB-APTES functionalised frustule and e) a P1-modified frustule structure
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Fig. 2 Release curves of LVX from the diatom microcapsules below and above the LCST
of the P1 copolymer. a) Total Release and b) first 7 hours of release from unmodified
microcapsules, c) total release and d) first 7 hours of release from P1-modified
microcapsules.

Following characterisation, an application of the modified
diatom microcapsules for controlled drug delivery was
evaluated using LVX as an antibiotic drug. This drug is
commonly used as a first-line antibiotic for the initial
treatment of infected wounds.”®> LVX is a fluoroquinone
molecule that emits fluorescence at 454 nm when excited at a
wavelength of 292 nm.

Drug loading into the diatom microcapsules was performed
using the vacuum infiltration method.** For this method, a
known weight of diatom microcapsules was immersed in a 100
mg/mL solution of LVX in dimethylformamide (DMF) and the
solution was then frozen in liquid nitrogen and pumped under
vacuum to degas it. Following this, the solution was allowed to
warm back up to room temperature. The vial was then quickly
brought back to atmospheric pressure, facilitating the
infiltration of the drug solution into the porous diatoms. The
frustules were collected by centrifugation, washed with water
and acetone, and dried in an oven at 70 °C.

The kinetics of LVX release from the diatoms were
investigated using a spectrophotometer
equipped with a Peltier system for temperature modulation.
The release experiments were performed in PBS (pH 7.4) at
temperatures both above and below the LCST of P1.
Approximately 1 mg of diatom microcapsules was used for
these studies. The results are graphically illustrated in Fig. 2. As
is evident from the graph, the control samples (Fig. 2a),
corresponding to LVX-loaded frustules with no polymer
coating, released over 95% of their total payload of LVX within
2 hours. This is expected as the pores of the frustule are in the
order of around 200 — 300 nm and therefore cannot form a
good barrier to the release of a small molecular drug such as

fluorescence

LVX. Fig. 2b shows the release profile of the control samples in
the first 7 hours of release. A slight increase in the burst
release was observed on heating the system to 45 °C that can
be attributed to the higher diffusion kinetics at elevated
temperatures. In contrast to this, the P1l-modified diatoms
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showed sustained release profiles with a very conspicuous
difference in the release kinetics below and above the LCST of
P1 (Fig. 2c). . Below the LCST, the expanded polymer blocked
the pore openings and slowed the diffusion of the drug
molecules. On the other hand, above the LCST the polymer
layer had collapsed and opened the pores, allowing for quicker
release of the entrapped molecules. The process is
schematically represented in Scheme 1b. Fig. 2d depicts the
first 7 hours of release from the P1-modified diatoms and also
shows a clear difference in the amount of burst release
observed at the two temperatures. This type of release profile
is consistent with previously reported results for thermo-
responsive polymer-coated porous systems.™

An initial burst release of about 30% to 60% of the drug
was observed below and above the LCST, respectively,
followed by a more sustained release profile. This burst
release could be due to the sudden expulsion of drug
molecules adsorbed on the outer surface of the microcapsule
or trapped in the polymer layer rather than inside the
microcapsule. It was found that approximately 100% release of
the drug occurred after 3 days of incubation above the LCST. In
contrast, only approximately 50% release was observed for
samples incubated below the LCST over that time frame.

When comparing the drug release results outlined here
with previous work using diatom microcapsules, Sinn Aw et al.
and Bariana et al.> ® modified the surface chemistry of the
microcapsules in an attempt to control the release of loaded
therapeutics. However, while their approach was reasonably
successful in altering the release kinetics, a large burst release
was observed with approximately 40 — 90% of the loaded
therapeutics released within a few hours, depending on the
surface chemistry of the diatoms and the type of drugs used.
In comparison, the microcapsules described here exhibit
variable bursts of 30 — 60% of the payloads, depending on the
temperature of the environment. Kumeria et al.” described a
pH-responsive  drug delivery system using diatom
microcapsules coated with graphene oxide to control the
release of indomethacin in different pH environments. The
release behaviour in this case was governed by changes in the
chemical interaction of the loaded drug with the graphene
oxide in different pH buffers. In contrast, the delivery system
described in this report relies on the polymer acting as a
physical actuator to control the release of drugs from the
microcapsules rather than chemical interactions. Whilst our
study exemplifies the potential of this technology by
demonstrating antibiotic release, it is likely that this controlled
delivery approach is compatible with a range of therapeutics at
a temperature defined by the oligo(ethylene glycol)
methacrylate copolymer composition. Furthermore, while a
temperature-responsive polymer was used here, it is also
possible to use the same functionalisation strategy to graft
other types of responsive polymers, including those that are
triggered by pH changes or by certain wavelenghts of light.

An important factor for consideration when fabricating a
drug delivery system is ensuring that the activity of the loaded
therapeutic is still retained. We therefore performed zone of
inhibition (ZOl) studies with LVX samples collected at different

4 | J. Mater. Chem. B, 2015, 00, 1-3

points during the release experiment, using two common
wound pathogens, namely, S. aureus (gram positive) and P.
aeruginosa (gram negative). Samples of the release solution
(above and below the LCST) were collected at 0, 1 and 20
hours of release and 50 pL aliquots were pipetted onto filter
discs. The results are depicted in Fig. 3a. Both types of bacteria
were found to be susceptible to the action of the released LVX,
thereby proving the activity of the loaded therapeutic. It
should also be noted that S. aureus showed higher
susceptibility to LVX than P. aeruginosa. This is an expected
trend as S. aureus has a lower minimum inhibitory
concentration (MIC) (0.25 upg/mL) as compared to P.
aeruginosa (0.50 pg/mL).gg’ 34 A clear increase in the ZOI with
release time was observed for both species of bacteria. In all
cases, but particularly after 1 hour, the ZOI values were higher
for LVX released from Pl1l-modified diatoms at 45 °C in
comparison to release at 25 °C (Fig. 3 b-e). After 1 hour of LVX
release, the zone diameter at 45 °C plateaus at around 22 mm
due to the diffusion limit of LVX through the agar, leading to a
reduction in the difference between the ZOl diameters
between the 25 °C and 45 °C release conditions. It should also
be noted that solutions (50 pL) containing the respective MIC
concentrations for the two species of bacteria did not result in
measurable ZOl when 50 pL aliquots were applied to the ZOlI
discs, indicating that the LVX release from the diatoms was at
concentrations higher than the MICs. ZOI tests performed
using buffer incubated with diatoms not loaded with LVX did
not show inhibition zones.
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Fig. 3 a) Measured ZOlI for P. aeruginosa and S. aureus using aliquots of LVX release
solutions collected at the time points mentioned. 0 hour corresponds to samples taken
immediately after mixing the diatoms and buffer. Representative images of the ZOls
formed using the 1 hour LVX release solution collected at b) 25 °C and c) 45 °C with P
aeruginosa and at d) 25 °C and e) 45 “C with S. aureus (scalebar =5 mm).

Conclusion

In summary, we have demonstrated a controlled drug delivery
vehicle fabricated by grafting thermo-responsive
oligo(ethylene glycol) methacrylate copolymers from the
surface of diatom biosilica microcapsules using SI-ATRP. Drug
release  experiments from the copolymer modified
microcapsules showed strong temperature dependence of
drug release when comparing release kinetics below and
above the LCST of the grafted copolymer. The antimicrobial
action of the released drug was confirmed against two
common wound pathogens. The composites described here
offer an inexpensive source for the scalable production of drug
carriers facilitating controlled delivery of therapeutics.

This journal is © The Royal Society of Chemistry 2015
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1 - Piranha Treatment
2 - ATRP Initiator
3 - ARGET ATRP
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Thermo-responsive drug release from diatom biosilica microcapsules is
demonstrated for the first time using microcapsules modified with copolymers
of oligoehtylene glycol methacrylates.



