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Abstract

We recently reported the synthesis of two novel biocompatible hydroxy double salts (HDS),
[Mg2Zn3(OH)s]Cl2-3.4H20 (MgZn-Cl) and [Fe2.4Zn2.6(OH)s]Cl2-:2H20 (FezZn-Cl) (J. Mater. Chem.
B 2016, 4, 5789) and showed them to be suitable for the loading and sustained release of
naproxen. Here we build on these findings and report the intercalation, storage stability,
biocompatibility and drug release properties of MgZn-Cl and FeZn-ClI loaded with diclofenac,
ibuprofen, and valproate. All three active pharmaceutical ingredients could be successfully
intercalated into both HDS by ion exchange. An increase in interlayer space from ca. 8 A to 18.5
— 27 A was observed after intercalation, consistent with the replacement of the initial chloride
ion with the larger drug anions. Confirmation of successful intercalation was provided by IR
spectroscopy, elemental microanalysis, and thermogravimetric analysis. H NMR revealed that
the structural integrity of the drug ions is not affected by intercalation. Drug release studies were
performed in conditions representative of the gastrointestinal tract, and showed that the
solubility of the drug ions controls the fate of the HDS in an acidic environment. The valproate
intercalates dissolved completely within two hours at pH 1.0, whereas the other drug-loaded
HDS freed some of their drug payload in the acidic media and the rest at pH 6.8. The HDS are
further found to be biocompatible in an in vitro cell viability test, and to remain stable upon

storage for 5 years.
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1. Introduction

There has been huge progress in drug discovery science over recent years, which has led to
many novel molecules with the ability to modernise the treatment and/or prevention of disease
(Kaul et al., 1998; Jones et al., 2015). Delivering these drugs in vivo is usually confronted by
barriers (e.g. low solubility, stability at a certain pH) (van de Waterbeemd and Testa, 2008;
Savjani et al., 2012; Viswanathan et al., 2017). When an active pharmaceutical ingredient (API)
is loaded into a carrier, its efficacy can be considerably enhanced (Hillery et al., 2001). For this
reason, much research has been performed into designing degradable materials, intelligent
delivery systems, and innovative delivery approaches (Langer, 1998). Nevertheless, the real
challenge is to deliver both existing and new drugs in a way that benefits patients, healthcare
workers and the healthcare system. Many of the carriers employed to modulate drug release
are pH sensitive (Balamurali et al., 2011; Yoshida et al., 2013), allowing release to occur only
under certain pH conditions. An ideal carrier should deliver its payload depending on the

environmental composition, rather than relying on pH only.

Modern controlled release systems are usually polymer based (Nyk&nen et al., 1999; Zhang et
al., 2014); much less attention has been paid to inorganic delivery systems (e.g. layered
materials), even though they have a number of promising features. In layered materials, the
atoms exhibit strong bonding connecting them in two dimensions, and much weaker bonding in
the third dimension (Trifiro and Vaccari, 1996). This endows them with a wide ranging host/guest
chemistry. There are many types of inorganic layered materials, such as layered double
hydroxides (LDH) and hydroxy double salts (HDS). These are anionic clay materials, with
structures derived from brucite and simonkolleite respectively. LDH have been widely explored
as ion exchange materials. They have a hydrotalcite-like structure composed of positively
charged metal hydroxide sheets and charge balancing anions in the interlayer space, with the

general formula [M?*1-xM3*x(OH)2]%* (X" )gn-yH20. Generally, M?* is a divalent metal ion (e.g.
2
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Ni2*), M3* is a trivalent metal ion (e.g. Al**) and X is an anion (e.g. ClI) (Meyer and Sauvage,
2006). LDH have versatile applications in chemistry (Shao et al., 2014; Zhao et al., 2014; Dou
et al., 2015; Kaassis et al., 2015; Tian et al., 2015), and also hold potential as drug delivery
systems (Gao et al., 2018; Mei et al., 2018; Peng et al., 2018; Weng et al., 2018; Choi et al.,
2019). In addition, LDHs possess inherent antacid properties (Xiao et al., 2011) . A clinical trial
showed that hydrotalcite antacid acted more quickly and was more effective than other

formulations (Holtmeier et al., 2007).

The HDS have similar same key structural features to the LDH, and their generic formula
is [(M2*2xMe?*x)(OH)4-y]X"ym-zH20. M?* and Me?* correspond to divalent metal ions (e.g.
Zn?*, Co?*, Ni?*, or Cu?*) and X" is an exchangeable interlayer anion (e.g. Cl-and NO3z’)
(Sathisha et al., 2012; Williams et al., 2012). One of the common HDS is the zinc basic
salt (ZBS), [Zns(OH)s](NOs3)2:2H20 (Nowacki and Silverman, 1961; Allmann, 1968;
Hawthorne and Sokolova, 2002). The ZBS is made of three Zn?* ions occupying
octahedral sites in hydroxide layers, with two additional Zn?* cations situated above and
below the layer in tetrahedral sites. HDS tend to be stable and inert, and have been
investigated in the medical field as biomolecule reservoirs (Oh et al.,, 2009),
antimicrobial/antifungal agents (Polson et al., 2009), and drug delivery systems (Ramli
et al., 2013; Saifullah et al., 2013; Majoni and Hossenlopp, 2014; Nabipour et al., 2015).
The HDS have received much less consideration than the LDH as drug delivery agents
in particular, with only a handful of papers reported (Yang et al., 2007; Bull et al., 2011;
Barahuie et al., 2014; Rojas et al., 2015). However, the data reported to date suggest
that HDS loaded with APIs release their loading in a more sustained manner than LDH

do (Arulraj et al., 2007; Selma et al., 2012).
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While HDS can represent promising drug delivery systems, they are usually composed of toxic
ions such as Cu?* or Ni?*. There is a risk that the HDS break down or metal ions leach from
them during their gastrointestinal transit, which might lead to absorption of free metals (Powell
etal., 1999). Thus, their approval by medicines agencies (e.g. the Food and Drug Administration
(FDA) or European Medicines Agency (EMA)) around the globe will be challenging. This is
because there are a number of serious concerns regarding the absorption and accumulation of
inorganic materials in the body with repeated applications, and their potential systemic toxicity
(Arruebo, 2012). Any putative inorganic drug delivery system must hence be composed of
metals that are part of the natural composition of the human body. In case the component metals
do become absorbed or accumulated, it is vital that they do not have any potential systemic

toxicity.

New HDS containing biocompatible metals are thus sought after. Until 2016, there was only one
reported attempt to synthesise a biocompatible HDS. In 1971, Stahlin and Oswald tried to
synthesise an Mn/Zn HDS, but the reaction was not successful (Stahlin and Oswald, 1971). Zinc
is a vital trace element in humans, and the oral LDso for ZnCl2, FeCl2 and MgClz are around 350,
895 and 2800 mg/kg in rats, respectively. Thus, ZBS systems based on these metals should be
less toxic than other HDS (Fosmire, 1990; Leitzmann and Giovannucci, 2004; Plum et al., 2010).
In order to ameliorate this issue, we recently synthesised new HDSs based on Mg/Zn and Fe/Zn
(Kaassis et al., 2016a). We further demonstrated that they could be used as delayed and

extended release mechanisms for the non-steroidal anti-inflammatory drug (NSAID) naproxen.

The NSAIDs (e.g. ibuprofen, diclofenac and naproxen) are commonly used in the treatment of
temporary (e.g. headache, muscle inflammation) or permanent pains (e.g. rheumatoid arthritis)
(Kean and Buchanan, 2005; Affaitati et al., 2017). However; they can cause a range of side

effects in the gastrointestinal system. New formulations are required to overcome the safety and

4
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tolerability concerns associated with commercial NSAIDs (McCarberg and Gibofsky, 2012).
Generally, antacids are co-prescribed with NSAIDs to prevent gastropathy (Becker et al., 2004).
It was demonstrated that antacids such as magnesium hydroxide also reduce the lag time of
ibuprofen and increase its diffusion rate, resulting in a rapid analgesic effect (Neuvonen, 1991).
Since HDSs have similar compositions to Mg(OH)2, they should also have antacid properties
and be able to prevent gastropathy upon NSAID administration, as well as providing controlled

release of an intercalated API.

Sodium valproate is indicated in the treatment of epilepsy (Pinder et al., 1977). Usually,
prolonged valproate therapy causes gastritis in children and oral antacids are recommended to
prevent degeneration (Marks et al., 1988). In addition, it was observed that such extended
valproate application might lead to depletion of essential elements (e.g.: Zn and Mg) (Shah et
al., 2001; Armutcu et al., 2004). These elements need to be monitored during the treatment
period and metal supplement are recommended. Use of an HDS carrier for valproate could
overcome both these issues, preventing gastric disorders through its buffering capability and

releasing depleted essential elements as it dissolves to do so.

In this work, we looked to extend our work on biocompatible HDS systems to deliver commonly
used drugs in a tuneable manner and reduce some of their side-effects. The sodium salts of
ibuprofen (SI), diclofenac (Dic) and valproic acid (Val) were loaded into biocompatible Mg/Zn
and Fe/Zn HDS through an ion- exchange route. The resulting products were characterised by
X-ray diffraction, IR spectroscopy, NMR and elemental analysis. Drug release from the materials
obtained was explored under conditions that mimic the human gastrointestinal tract. The

biocompatibility of the two HDS and HDS/API intercalates was also investigated.
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2. Experimental
2.1. Materials

Materials were obtained as follows: zinc oxide (ZnO) and magnesium chloride (MgClz-6H20)
(Fisher Scientific, Waltham, MA, USA); iron chloride (FeCl2-4H20), potassium iodide (KI),
ibuprofen sodium (SI), naproxen sodium (Nap), and valproate sodium (Val) (Sigma; Gillingham,
UK); diclofenac sodium (Dic) (Cambridge Bioscience, Cambridge, UK); RPMI 1640 media, FBS,
penicillin-streptomycin, and L-glutamine (Gibco, Thermo Fisher, Waltham, MA, USA) All
chemicals were used without further purification. Commercial tablets used as controls were
Nurofen and Nurofen Express 200 mg (Reckitt Benckiser, Slough, UK), and Naprosyn (Roche,

Basel, Switzerland).

2.2. HDS synthesis

Synthesis was performed following the methods reported in our previous study (Kaassis et al.,
2016a). Following a range of optimisation studies, we prepared HDSs with M:Zn ratios as close
to 1:1 as we could obtain. [Mg2Zn3(OH)s]Cl2-yH20 (MgZn-Cl) was synthesised by reaction of
ZnO (20.0g) with MgCl2:6H20 (70.0 g) in 100 mL deionised water. The mixture was stirred for 3
days at room temperature, and the product recovered by vacuum filtration. The resultant white

powder was rinsed with deionised water, and then allowed to dry under vacuum at 40 °C.

[Fez2.4Zn2.6(0OH)s]Cl2-yH20 (FezZn-Cl) was prepared by reacting ZnO (5.0 g) with FeClz2-4H20
(11.8 g) in the presence of KI (3.0 g) in 100 mL deionised water. Air was excluded from the vial.
The mixture was stirred for 3 days at room temperature, and the product recovered by vacuum
filtration. The FeZn-Cl system tended to oxidise easily when in contact with air, and to minimise
this water was rapidly drained from the preparation using a large filter funnel before the solid
was washed with deionised water. The product was then dried in a vacuum oven in the presence
of silica gel at 40 °C and 0 % humidity. The solid products were all inspected visually and showed

no signs of the presence of solid I2.
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2.3. Intercalation

Intercalation of the organic anions was achieved by combining 0.4 mmol of the HDS with a 4-
fold excess of the guest anions. 10 mL of deionised water was added to the solid materials, and
the mixture stirred at 60 °C for 4 days in a sealed glass vial. KI (0.2 mmol) was added to the
mixture of FeZn-Cl and the organic guest anions to reduce HDS oxidation, and the vial flushed
with N2 before reaction. The solid products were filtered under vacuum, washed with deionised
water, and dried. The intercalates of the FeZn-Cl HDS were treated with extra care as described

above.

2.4. Characterisation
2.4.1. Materials characterisation

Scanning electron microscopy (SEM) was performed on a SUPRA 55 instrument (Zeiss,
Oberkochen, Germany) with an accelerating voltage of 20 kV. The instrument was fitted with an
energy dispersive X-ray (EDX) spectroscopy attachment for elemental analysis. Further SEM-
EDX analysis was undertaken with a JSM-6701F microscope (JEOL, Tokyo, Japan) equipped
with a INCAx-Act EDX detector (Oxford Instruments, Oxford, UK). The images obtained were
analysed using the ImageJ software (National Institutes of Health, Bethesda, MD,USA)
(ChemAxon, 2013). Additional SEM images were recorded on a Quanta 200 FEG ESEM

microscope (FEI, Hillsborough, OR, USA), or a S-4800 microscope (Hitachi, Tokyo, Japan).

Powder X-ray diffraction (XRD) patterns were obtained using a MiniFlex 600 diffractometer
(Rigaku, Tokyo, Japan), using Cu Ka radiation at 40 kV and 15 mA. IR spectra were collected
on a Spectrum 100 instrument (PerkinElmer, Waltham, MA, USA). Data were recorded from

4000 to 650 cm™ at a resolution of 2 cm™.
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Nuclear magnetic resonance (NMR) experiments were carried out on a AV-400 spectrometer
(Bruker, Billerica, MA, USA) operating at a 'H frequency of 400.13 MHz. Samples were
dissolved in D20 for NMR analysis. C, H, and N contents were determined using the quantitative

combustion technique on a CE1108 elemental analyser (Carlo Erba, Wigan, UK).

Thermogravimetric analysis was carried out on a Discovery TGA instrument (TA Instruments,
New Castle, DE, USA). The sample (ca. 5-10 mg) was mounted in an aluminium pan and heated

at a rate of 10 °C min™! between 30 °C and 400 °C under a flow of nitrogen (10 mL min-1).

2.4.2. Guest recovery
To ensure that the guest ions could be recovered intact from the intercalation compounds, the
latter (50 mg) were reacted with Na2COs (100 mg) in 5 mL of D20 overnight at 80 °C. The
samples were filtered, and *H NMR spectra collected on the filtrates. Samples of the pure drug

were also dissolved in D20 and analysed by NMR for comparison purposes.

2.4.3. Drug release

Drug release (dissolution) tests were carried out under experimental conditions mimicking as
closely as possible the gastrointestinal tract and following pharmacopeia requirements (US
Pharmacopeia USP 38NF33, 2015). The USP-II test (a paddle method) was used, with a PTWS
instrument (PharmaTest, Hainburg, Germany) fitted with an inline spectrometer (CE 2500, Cecil,
Cambridge, UK) being employed to perform these experiments. Samples were placed in 750
mL of 0.1 M HCl in a vessel held at 37 + 0.5 °C, and stirred at 50 rpm. After 2 hours of operation,
the pH of the medium was adjusted to 6.8 £ 0.05 by adding 250 mL of 0.20 M tribasic sodium
phosphate. Experiments were carried out for 22 h at this pH. Dissolution tests were carried out
in darkness, in triplicate with the new formulations prepared and 5 times with the commercial

tablets.
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2.4.4. Stability studies

Stability studies were carried out by storing the HDS and HDS-drug powders under standard
environmental conditions in the laboratory (temperature and humidity varied with the seasons).
The HDS and HDS-drugs intercalates were kept in glass vials and the stability was assessed

after 3, 6, 12 and 60 months using FTIR, XRD and NMR.

2.4.5. Cytotoxicity
A preliminary proof of concept study was performed using a human prostate cancer (C4-2B) cell
line was purchased from MD Anderson Cancer Center (Texas, USA). The cells were maintained
in Advanced RPMI-1640 (1x) medium supplemented with 10% heat inactivated FBS, 1%
penicillin/streptomycin and 2mM L-glutamine. The C4-2B cells (1 x 10%) were seeded overnight
in poly-d-lysine (100 ug mL™%) coated 96-well culture plates (Sardstedt) in complete media. Next,
the cells were incubated with 200 pL of the test compounds (MgZn-Cl, FeZn-CIl, MgZn-SI and
FeZn-Sl) at a final concentration of 5 pg/ml. The cytotoxicity was determined using the resazurin
assay, as previously described (Pereira et al., 2019). Briefly, cells were incubated with 0.01
mg/mL resazurin solution for 4 h. After incubation, fluorescence (Aex = 544 nm, Aem = 590 nm)
was read using an automated FLUOstar Omega (BMG Labtech, UK) plate reader. The results
were expressed as the percentage of cell viability (mean £+ SEM) and normalised to vehicle-

treated cells.
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3. Results and discussion

3.1. Electron microscopy and elemental analysis
Scanning electron microscopy (SEM) images demonstrated that the MgzZn-Cl starting material
exhibited a symmetrical hexagonal particle shape and the FeZn-Cl an asymmetrical silhouette
(Figures S1 and 2, Supplementary Information). The morphology observed here agrees well
with the literature (Ziba et al., 2010; Delorme et al., 2011). Element mapping showed that both
Mg/Fe and Zn are homogenously distributed throughout the HDS. The FeZn-CI HDS additionally
shows a side phase of iron and oxygen, which is often observed in Zn/Fe LDH systems.(Han et

al., 2021)

SEM was also performed on selected intercalates, and images are given in Figure 1 and Figure
S3. The FeZn-Val and MgZn-Val particles remained hexagonal after intercalation. In contrast,
the intercalation of Dic into the MgZn-Cl led to the particle shape changing from hexagonal to
rod shaped and the MgZn-SI and FeZn-SI particles had a sand-rose shape. Changes in the

shape and size of particles suggest that the ion exchange reactions were not topotactic.

54500 90,0kV 9,80

Figure 1: SEM images of (a) MgZn-SI and (b) FeZn-SI.
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3.2. X-ray diffraction

The X-ray diffraction (XRD) data in Figure 2 showed that the preparation of the biocompatible
HDS was successful, and in accordance with the previous report (Kaassis et al., 2016a). Their
interlayer spaces are given in Table 1. FeZn-Cl had a dark green colour, which implies that the

Fe2* was d not oxidised to Fe3* and remained in the divalent oxidation state.

XRD patterns of the drug intercalates of MgZn-Cl are also given in Figure 2. The reaction
products showed no basal reflections characteristic of the starting material, and a shift of the 00|
basal reflections to lower angles; this corresponds to an increase in interlayer distance, which
is indicative of the intercalation of a larger anion (Dic, Sl and Val) into the interlayer galleries of
the HDS by anion exchange for Cl. The interlayer space increased from 8.1 A with MgzZn-Cl to
18.8 A, 22.8 A, and 27.0 A for the Val, Dic, and Sl intercalates; respectively. These are in good
agreement with the results reported in the literature on other types of HDS drug intercalates: d-
values of 19.4 A for Val, 22.3 A for Dic, and 27.0 A for Sl have been noted previously (Taj et al.,
2013; Kaassis et al., 2016b). All the diffraction patterns illustrated reflection broadening,

indicative of stacking defects, except that of MgZn-Dic. Full data are included in Table 1.

11
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Figure 2: XRD patterns of (a) MgZn-Cl; (b) MgZn-Val; (c) MgZn-Dic; (d) MgZn-SlI; (e) Fezn-ClI; (f) FeZn-Val; (g)
Fezn-Dic; and, (h) FeZn-SI. * denotes residual starting material; # denotes a minority intercalate phase with reduced

d-spacing.

Table 1: The interlayer spaces and chemical formulae of the various MgZn-drug and FeZn-drug composites

prepared.
Elemental Drug
ID doos (A) Formula 2° analysis (%) loading
Obsd (calcd)? mass (%)
MgZn-ClI 7.9 Mg2.1Zn2.9(OH)s(Cl)2-H20 - -
C 17.43 (17.51)
_ . 24.68
MgZn-Val 18.8 Mg2.66Zn2.34(OH)8(CgH1502)1.04(CO3)0.48-4.0H20 H 4.02 (5.28)
C 34.46 (34.43)
MgZn-Dic 228 Mgl.sszns.m(oH)s(C14H2102C|_||22l\Cl)Oz)2(C14H11C|2NOz)o.32- H 2.77 (3.20) 60.46
' N 1.44 (2.87)
C 33.61 (33.68)
- . 44.02
MgZn-SlI 27.0 Mgo.712Zn4.29 (OH)s(C13H1702)1.84(CO3)0.06-1.9H20 H 4.52 (5.09)
Fezn-Cl 7.8 Fe2.4Zn2.6(OH)sCl2-H20 - -
Fezn-valc | 186 Fe1.50ZNs.41(OH)s(CsH1502)0.61(Cl)1 30-3.4H20 ﬁ g:ig 8:32; 13.53
C 27.32 (27.35)
FeZn-Dice® 22 4/ Fe2.87ZNn2.13(OH)s(C14H10CI2NO2)1.62(CO3)0.19-4.4H20 H2.72 (3.31) 47.60
15.9 N 2.34 (2.26)
Fezn-SI 26.9 | Fev4sZnssa(OH)s(C1sH1702)091(CO3)0.40(Cl)o.2s-3.9H20 ﬁ ;_91-23(5_1296;34) 25.23

aC and H contents were determined by quantitative combustion. The metal ratios were quantified from EDX data.
bH20 content was obtained from thermogravimetric analysis.
¢ It should be noted that these systems are biphasic. The formula depicted is an overall empirical formula for the solid
material isolated.
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The intercalation of the guests into the Fe-containing HDS was challenging, as the drug-loaded
system tended to oxidise easily when in contact with air. This could be overcome by draining
water from the preparation quickly, then drying the drug intercalates in a vacuum oven. Similar
to the MgZn-Cl HDS, the basal reflections of the host could no longer be seen after intercalation
(Figure 2), except for the intercalation of Val where the presence of some residual starting
material could be seen (reflections of the host are marked with *). The interlayer space increased
from 7.8 A with FezZn-Cl to 18.6 A, 22.4/15.9 A, and 26.9 A for the Val, Dic, and Sl intercalates,
respectively. These were similar to the results reported above using the MgzZn-Cl system. For
FezZn-Dic there appeared to be two different intercalate phases; it was thought that one
contained a bilayer of the guest (22.4 A) and the other a monolayer (15.9 A). A small reflection
believed to correspond to the latter was marked # in Figure 2. A similar finding was observed
during the intercalation of the Dic into a Ni/Zn HDS, where the molecular dynamics simulation

showed the presence of a monolayer in the lower d-value system (Kaassis et al., 2016b).

The chemical formulae of the intercalates were assessed by energy-dispersive X-ray
spectroscopy (EDX) and elemental microanalysis. Water content was determined by
thermogravimetric analysis. SEM-EDX images are given in Figures S4 and S5, and a summary
of the data in Table 1. On the basis of CHN microanalysis, in a number of cases it appeared
that there was less drug intercalated than needed to charge balance. For some systems (FeZn-
Sl and Fezn-Val), Cl could be observed by EDX, indicating incomplete replacement of the initial
interlayer anion. In other systems, no Cl was visible and thus we hypothesise that carbonate
ions were present, which is consistent with the literature (Conterosito et al., 2015; Hibino, 2018)
and high affinity of the HDS systems for CO3s?. Further, some leaching of metal ions was noted
after intercalation, such that the ratios of metals in the final product was not the same as in the
starting materials. This is consistent with the SEM observations and confirms a non-topotactic

ion exchange process.
13
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3.3. IR spectroscopy
The IR spectra of MgZn-Cl and FeZn-Cl are depicted in Figures 3a and S6a. Both HDS showed
two bands with shoulders around 3500 and 3460 cm-*, which could be ascribed to stretches of
the OH groups of the layers and water molecules (both in the interlayer and adsorbed on the
particle surfaces), respectively. There was also a band around 1603 cm which could be
assigned to the 6-bend of water molecules. Vibration bands at 1030 and 900 cm arose from
the bending of M-OH groups and those in the region of 530 and 460 cm from M—O and O—M—
O vibrations (M = Mg and Fe). The spectrum of pure S| (Figures 3) contained distinct OH
stretches around 3000-3500 cm™ due to the presence of water in the material (Sl is very
hygroscopic and typically exists as the dihydrate form). Bands assigned to alkane C—H stretches
were located between 3000—-2850 cm, and carboxylate asymmetric and symmetric stretches
at 1546 and 1406 cm (respectively). These had the same band shape, which was indicative of

the ionic form (Figure S7a) (Mehrotra and Bohra, 1983).

The infrared spectra of the Sl intercalation products (MgZn-Sl and FeZn-Sl) are given in Figures
3b and S6b. They presented a very broad adsorption band centred at around 3400 cm™ that
could be assigned to the OH stretching vibration of hydroxyl groups. Bands assigned to alkane
C—H stretches were visible between 3000-2850 cm, with no obvious changes in the band
positions or intensities observed. The S| carboxylate vibrations did show some changes
however, and doublets were observed in the asymmetric and symmetric stretches located at
1567/1535 and 1393/1382 cm!; respectively (Figure S7). This suggested that there was a new
bonding mode between the carboxylate ligand and the HDS layers. There was an increase in
intensity for the asymmetric stretching band and a reduction in the symmetric stretching
vibration, demonstrating that the symmetry of the SI carboxylate group in the HDS was lower
than that of the carboxylate group in the ionic form. This was a sign of only one oxygen atom

being coordinated with the metal cation, resulting in a monodentate interaction between the Sl
14



302

303

304

305

306

307

308

309

310

311

312

313

314

315
316

317
318

carboxylate ligand and a metal cation of the HDS layer (Mehrotra and Bohra, 1983; Palacios et

al., 2004).

The IR spectra for the other intercalation compounds all displayed analogous features: all the
characteristic bands of the drug ions were present after intercalation and demonstrated that the
intact guests were successfully intercalated in both HDS. In the raw drug salts, the asymmetric
and symmetric carboxylic stretches had similar band shapes and roughly equal intensities, but
after intercalation the asymmetric stretch had a greater intensity, as noted for MgZn-Sl. The
stretch positions before and after intercalation for the MgzZn formulations are summarised in
Table S1. The values noted were similar to literature data for monodentate zinc/diclofenac, and
zinc/valproate complexes (Darawsheh et al., 2014; Abu Ali and Jabali, 2016). This suggests that
there was a monodentate interaction between the guest carboxylate ligand and a tetrahedral

metal ion on the HDS layers.

4000 3000 2000 1000
Wavenumber (cm™)

Figure 3: IR spectra of (a) MgzZn-Cl, (b) MgZn-SlI, and (c) SI raw material.
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3.4. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed on various HDS materials, which showed
between two and three stages as is usually observed with LDH and HDS materials. For MgZn-
Cl (Figure S8a), mass loss went through three phases. The first two losses of 5 % and 7 %,
which ended by 120 °C and 200 °C, correspond to adsorbed water molecules on the external
surface and interlayer water molecules. The final loss of 13 % began around 300 °C and is
related to layer dehydration or dehydroxylation. The dehydroxylation of MgAI-CI LDH was
reported to begin at a similar temperature (Constantino and Pinnavaia, 1995). For FezZn-ClI
(Figure S8b), mass loss went through two stages, the initial mass loss of 6.5 % was complete
by 160 °C and corresponds to loss of two water molecules. The dehydroxylation event of FeZn-
Cl occurred between 150-250 °C, at lower temperature than MgzZn-Cl, which suggests that
MgZn-Cl is more thermally stable than FeZn-Cl.

TGA traces of the intercalates (Figure S8) revealed mass loss in three stages, except for MgZn-
Dic. This is usual for organic guests intercalated into HDS materials (Bull et al., 2011; Liu et al.,
2015). The initial mass loss (ca. 3.5 — 12 %) and the second loss are expected to correspond to
the loss of surface adsorbed and interlayer water molecules. The third stage of mass loss
corresponded to the HDS layer dehydroxylation and initiation of interlayer guest anion
degradation. These decomposition and dehydroxylation events are overlapping and cannot be
resolved. However, it should be noted that there was no obvious decomposition of the Sl was
observed in MgZn-SI. Most of the HDS materials showed these three stages occurring between
60 and 300°C. The exception is MgZn-Dic, where the first mass loss of ca. 4 % was complete

by 90 °C and corresponded to the loss of surface adsorbed water molecules.

3.5. Guest orientation
The layer thickness of the HDS is around 8.5 A (from end to end of the tetrahedral units), while

the thickness of the flat octahedral sections is around 5 A. The lengths of the guest ions were
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calculated (using the Marvin software (ChemAxon, 2013)) to be 4.48 A (Val); 10.02 A (Dic); and
10.38 A (SI). Comparing the lengths of the guests with the interlayer space minus the HDS layer
thickness suggested that the interlayer space was between 1.5 and 2 times the length of the
intercalated ions. This suggested that the guests adopted intertwined bilayer or bilayer
arrangements, with the carboxylic acid groups pointing towards the positively charged layers.
For Sl and Val, the interlayer space was around twice the size of the molecules, suggesting a
perpendicular bilayer arrangement of ions. For Dic, the interlayer space was greater than the
size of one molecule and less than the length of two, indicating an intertwined bilayer
arrangement. Based on these considerations, a schematic of the guest orientations in the MgZn
system is provided in Figure S9. The FeZn system had very similar interlayer spaces, and thus
analogous arrangements were envisaged. For the FeZn-Dic minority phase seen in the XRD
pattern at 15.9 A (Figure 2g), the Dic ions were expected to be arranged in a perpendicular

monolayer.

3.6. Guest recovery
The MgZn-Dic, MgZn-SI, MgZn-Val, FeZn-Dic, FeZn-SI and FeZn-Val intercalates were each
reacted with Na2COsin D20, and NMR spectra recorded of the filtrate from these reactions. The
spectra after deintercalation were observed to be identical to those of the Dic, Sl and Val starting
materials, confirming that the structural integrity of these drug molecules was retained. For
instance, the 'H NMR spectrum of de-intercalated S| contained resonances at: 0.9 ppm
corresponding to the methyl protons of the isobutyl group; at 1.39 ppm ascribed to the a-methyl
protons; at 2.47 ppm originating from the methylene adjacent to the phenyl group; at 1.83 ppm
arising from the methine proton of the isobutyl moiety; at 3.62 ppm due to the a-methine proton;
and at 7.24 ppm, resulting from the four benzene protons. Those results were similar to the

pristine Sl (Figure S10). Analogous results were seen for the other guest ions (data not shown).
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3.7. Drug release

The drug release of the four APIs loaded into HDS was performed in simulated physiological
conditions representative of the human gastrointestinal tract, and compared to some
commercial formulations. For comparison purposes, we also presented here data from our
previous report on naproxen (Nap) intercalates of these HDS (Kaassis et al., 2016a). The drug
release plots are depicted in Figure 4. Table S2 gives a summary of the release profiles for all

the APIs from intercalated HDS and commercial formulations.

The in vitro release profiles of SI from the MgZn-SI powder and selected commercial tablets
(Nurofen and Nurofen Express) are presented in Figure 4a. Both commercial tablets
disintegrated quickly but the SI embedded did not completely dissolve. The SI concentration
remained low throughout the acid immersion period due to its low solubility at low pH. On the
other hand, some of the MgZn-SI material was dissolved in acidic media, freeing Sl in a gradual
manner into the solution and resulting in slightly higher release than the commercial systems.
Once the pH was adjusted to 6.8, the remaining Sl from the commercial tablets dissolved within
5 min. However; Sl release from MgZn-SI occurred slowly over 2 hours. It was believed that
there were two release mechanisms which took place: firstly, leaching (at low pH), followed by
ion exchange (at pH = 6.8, and reliant on the presence of phosphate anions). Many release
studies were carried out using LDH-SI powders in phosphate buffer (pH = 7) (Ambrogi et al.,
2001; Gunawan and Xu, 2008, 2009; Huang et al., 2011; Lu et al., 2013), but few studies were
carried out in acidic media (pH < 3) since it is known that LDH dissolve at low pH (Choy et al.,
2000). Barkhordari and co-workers reported that more than 80 % of an Mg/Al LDH-SI
formulation was dissolved within 2 h at pH 1.2 (Barkhordari et al., 2014). Hence, the MgZn-SI

HDS system appeared to be somewhat more stable than Mg/Al LDH-SI in acidic media.
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The release of Dic from the MgZn-Dic and FeZn-Dic systems and selected commercial capsules
(Diclomac® SR 75mg) is shown in Figure 4b and summarised in Table S2. The MgZn-Dic, FeZn-
Dic and commercial formulation behaved similarly in acid media with low release rates and less
than 3% of the drug cargo freed into solution. When the pH was increased to 6.8, the release
rate increased in all three cases. The MgZn-Dic, FeZn-Dic and Diclomac® formulations released

90% of their loading after 5, 7 and 10 h, respectively.

The in vitro dissolution profiles of Val from MgZn-Val and FeZn-Val are given in Figure 4c. After
1 hatpH 1, the FeZn-Val released only 50 % of its loading, versus 100 % from MgZn-Val (Table
S2). This was very different to Val release from analogous LDH systems at pH 1.2: as soon as
Zn/Al LDH-Val was in added to the acidic media, it was observed to dissolve giving a very rapid

burst release (Yazdani et al., 2019).

The in vitro dissolution of Nap from MgZn-Nap, FeZn-Nap and commercial tablets (Naprosyn®)
was reported in our previous study (Kaassis et al., 2016a). Naprosyn tablets disintegrated in a
short period of time, but Nap did not completely dissolve in the acidic solution. On the other
hand, Nap was gradually released from FeZn-Nap and MgZn-Nap. Once the pH was adjusted
from 1.0 to 6.8 the remaining Nap from Naprosyn dissolved within 5 min. While MgZn-Nap
behaved similarly to Naprosyn, the FeZn-Nap system gave a more sustained release profile
(Figure 4d and Table S2). The concentration of Nap released in the acidic solution was higher
for both HDS compared to the Naprosyn tablets; this implies that the solubility of Nap in acidic
media was enhanced in the presence of HDS. The improvement could be related to the release
of the drug in the ionic (rather than the salt) form from the dissolved FeZn-Nap and MgZn-Nap.
FeZn-Nap appeared to be a little more stable than MgZn-Nap in acidic media. Both leaching at

low pH and then ion exchange (pH = 6.8) were believed to have contributed to release.
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Figure 4: Drug release at pH 1 and pH 6.8. (a) Sl release from MgZn-Sl| and two commercial formulations
(Nurofen® and Nurofen Express®); (b) Dic release from FezZn-Dic, MgZn-Dic and commercial
formulation (Diclomax® SR); (c) Val release from MgZn-Val and FeZn-Val; and (d) Nap release from
FezZn-Nap, MgZn-Nap and a commercial formulation (Naprosyn®).
It was observed that HDS-Val can dissolve easily in acidic media, whereas HDS-SI and HDS-

Nap partially dissolved and HDS-Dic remained almost intact. The solubility order of the four APIs

in acidic media is as follows: Val > Nap > S| > Dic (Table S3).

This largely mirrored the extent of drug release seen after 120 min. When the HDS were in the
acidic media, the outer layers (LO) dissolved and exposed guests that were bound to the first
layer (L1) beneath it. Then, guests get freed from that layer which resulted in exposure of the

second layer (L2) and so on. This mechanism kept going until the guest’s solubility reached its
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saturation level, and after that guests attached to the exposed layer (Ln) did not get liberated
and acted as a shell protecting the remaining HDS layers from the acidic media (Figure 5). Thus,

the solubility of the guest seemed to control the fate of the HDS in acidic media.

At pH 6.8, the release rate of Dic remained the slowest, followed by SI and Nap, with Val
releasing most quickly. The release rate seemed to be governed by the API solubility, which lied

in the same order in neutral conditions as in acidic media (Table S3).

a

Saturated Solution

Figure 5: A schematic illustrating the HDS behaviour in an acidic media.

3.8. Stability

Many drugs were intercalated into LDH and HDS, but to the best of our knowledge no stability
studies were reported. Both starting HDS and two HDS-drug candidates were selected for a
stability test, one with an intertwined bilayer arrangement (MgZn-Dic) and one with a
perpendicular bilayer arrangement (MgZn-Sl). The stability study was carried out by storing

powders under normal environmental conditions (temperature and humidity varying with the

21



438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

seasons) in our lab in London, UK. The powders were kept in glass vials and stability tests were
performed at O days and after 1, 3, 12 and 60 months of storage using FTIR, XRD, and NMR.
The XRD and FTIR data of MgZn-CIl and FeZn-Cl showed no obvious changes during the five
years storage period (Figure S11-14). In addition, FeZn-Cl remained green and no visual

oxidation was observed.

The XRD patterns of MgZn-Dic revealed a decline in the d-value upon storage and the
appearance of a second, lower d-value phase. Two distinct phases were very clearly present
after five years, with d-values at 20.2 A and 15.3 A (Figure S15). This was first noted after 3
months storage, and reached a plateau after 12 months. The intercalation of Dic into an HDS
were observed to proceed via intermediates with similar d-value when studied in situ (Kaassis
et al., 2016b). The decrease in d-value could be due to the rearrangement of guests in the
interlayer spaces to reach a lower energy state. The IR spectra of MgZn-Dic after five years was
similar to the fresh sample but with a slight increase in the intensity of the OH stretches at around
3400 cm*. This was caused by an increase in the water content of the system (Figure S16).
Overall, however, it was clear that the two samples remained stable after five years’ storage

and showed no sign of degradation.

For MgZn-SI, the XRD data showed that there was a decrease in the d-value from 27.0 A to
24.7 A after storage (Figure 6). Conterosito and co-workers reported that the in-situ intercalation
of Sl into an LDH went through intermediates with similar d-value (Conterosito et al., 2013).
From the IR data no differences were observed after storage for any period of time except slight
changes in the carboxylate band intensity, and a slight rise in the intensity of the OH bands at
3425 cm™ and 1614 cm® suggesting there was more water present after storage (Figure S17).
The 'H NMR spectrum for the Sl recovered from the intercalate after 5 years contained

resonances at 0.9, 1.39, 2.47, 1.83, 3.62 and 7.24 ppm, confirming the structural integrity of Sl
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and that no degradation had occurred within five years (Figure S18), which was similar to the
pristine SI (Figure S10). Most SI commercial tablets have two to three year shelf lives (e.qg:
Nurofen®), and a stability study on commercial Sl tablets disclosed between seven and ten
degradation products in three year-old samples (Farmer et al., 2002). The data obtained here

thus suggested that the HDS materials were more stable than commercial formulations.

W NP

o 5 10 15 20 25 30
20 (°)
Figure 6: XRD patterns of MgZn-SI after storage
for (a) one day and (b) five years

3.9. Cytotoxicity

To evaluate the biocompatibility of the new HDSs (MgZn-Cl, FeZn-Cl) and those loaded with SI
(MgZn-SI and FeZn-SI), constructs were incubated with a human prostate cancer (C4-2B) cell
line for 48 h. No reduction in cell viability was observed in all treatment groups (Figure 7),

indicating the high biocompatibility of our HDSs.

Generally, LDH cytotoxicity is considered moderate and varies according to the chemical
compositions (Choi and Choy, 2011). For instance, some in vitro experiments reported a drop
in cell viability (5-15%) following incubation with Zn/Al or Mg/Al LDHs (Choy et al., 2004; Choi
et al., 2008; Kura et al., 2014). The preliminary data presented here therefore indicate that our

new HDS materials might have greater cytocompatibility than LDHs. However, further studies
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are required to evaluate in detail the safety of our HDSs in comparison to LDHs, using a range

of primary and cancer cell lines.

Cell viability (%)

Control 10% DMSO MgZn-Cl FeZn-Cl MgZn-SI FeZn-SI

Figure 7: Cell viability of C4-2B cells incubated for 48 h with various HDS (n=4).

4. Conclusions

This work builds on a recent study in which we reported the synthesis of two novel biocompatible
hydroxyl double salts (HDS), Mg2Zn3(OH)s(Cl)2:3.4H20 (MgZn-Cl) and Fez.4Zn2.6(OH)sCl2:2H20
(Fezn-Cl) (J. Mater. Chem. B 2016, 4, 5789). Diclofenac, ibuprofen, and valproate were loaded
into the two HDS by ion exchange. All three active pharmaceutical ingredients could be
successfully intercalated into both HDS, with an increase in interlayer space (from ca. 8 A to
18.5 — 27 A) consistent with the replacement of the initial chloride ion with the larger drug anions
observed by X-ray diffraction. The distances between the HDS layers indicate that the diclofenac
ions are arranged in an intertwined bilayer in the interlayer space, while ibuprofen and valproate
form bilayers. IR spectra of the intercalates show characteristic peaks of the drug anions,
confirming successful intercalation and revealing intermolecular interactions between the drug
and HDS layers. Proton NMR spectra of the drug ions were the same before and after
intercalation, indicating that the structural integrity of the drug ions is not affected by
intercalation. Drug release studies performed in conditions representative of the gastrointestinal

tract proved that the solubility of the drug ions controls the fate of the HDS in an acidic
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environment. The valproate intercalates dissolved completely within two hours at pH 1.0,
whereas the other drug-loaded HDS freed some of their drug loading in the acidic media and
the rest at pH 6.8. The HDS are found to be biocompatible, and to remain stable upon storage
for 5 years. These findings are promising for potential clinical adoption of HDS-based drug

delivery systems.
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