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Evaluating the impact of systematic hydrophobic
modification of model drugs on the control,
stability and loading of lipid-based nanoparticlesy
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A significant number of new chemical entities in the drug development pipeline are poorly soluble,
therefore routes that facilitate effective administration is of considerable value. Lipid nanoparticles have
proved an attractive approach for drug delivery; however, challenges that include optimising drug
loading and understanding the impact of drug physiochemical parameters on nanoparticle properties
have limited progression. In this work, we investigate the effect of modifying the logP of a model drug
on the formation and stability of lipid-based nanoparticles. A range of model drug analogues with
systematically varying alkyl chains were produced using a lamivudine (nucleoside analog reverse trans-
criptase inhibitor) scaffold and processed into lipid nanoparticles by nanoprecipitation. Characterisation
included evaluation of particle diameter, size distribution, drug loading and nanoformulation stability.
A distinct correlation with the LaMer model of nucleation was observed and log P appeared to strongly
influence rates of nucleation. Model drugs with high log P were uniform in particle size and distribution
and offered enhanced stability. In addition, various model drug/lipid blends were produced and their
physical properties were investigated using dynamic light scattering (DLS) and differential scanning
calorimetry (DSC). Complex mixtures of lipids were shown to influence formulation crystallinity and
strategies to form uniform and stable lipid based nanoparticles of high drug loading- through
manipulation of log P are discussed.

Introduction

For some years, reports have suggested that >40% of drugs
within clinical use are hydrophobic," and >90% of new drug
candidates within the developing pipeline may be described as
either Class II (high permeability, low solubility) or Class IV
(low permeability, low solubility) categories using the Biophar-
maceutics Classification System.> Although the pharmaceutical
industry considers drug hydrophobicity as a negative physical
property, new therapy development is increasingly reliant on
poorly water soluble compounds. Drug delivery systems have
therefore become more important and target the enhancement
of administration to ensure the therapeutic behaviour of poorly
soluble drugs. In particular, nanomedicines have shown clinical
benefits for drugs with low aqueous solubility in a range of
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diseases and conditions such as various cancer treatments.
Additionally, lipid-based nanomedicines have been deployed in
the recently approved COVID-19 vaccines.®>™ Solid lipid nano-
particles (SLNs) are a type of lipid-based nanomedicine which
can accommodate and offer benefits for hydrophobic drug
administrations.

SLNs can be produced by a range of methods including;
high shear homogenisation, hot or cold homogenisation and
ultrasonication. Flash nanoprecipitation is a particularly inter-
esting route to SLN production due to its simplicity and fast
process speed which also offers the potential for scale up via
continuous processing.®® Indeed, this process has already
been realised in the formulation of nanolipomers with the
use of microfluidics.’ In this method the solid lipid and drug
are dissolved in a water-miscible organic solvent (e.g. tetra-
hydrofuran) which is later mixed with a solution of aqueous
surfactant. The organic solvent diffuses through the aqueous
medium meanwhile the solid lipid and drug precipitate and
are stabilised by the surfactant due to their poor aqueous
solubility.®

Many materials used to form lipid nanoparticles have high
degrees of crystallinity, and the formation of nanoparticles of

This journal is © The Royal Society of Chemistry 2021


http://orcid.org/0000-0002-6946-1097
http://orcid.org/0000-0002-9273-9173
http://crossmark.crossref.org/dialog/?doi=10.1039/d1tb02297k&domain=pdf&date_stamp=2021-12-04
http://rsc.li/materials-b
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1tb02297k
https://pubs.rsc.org/en/journals/journal/TB
https://pubs.rsc.org/en/journals/journal/TB?issueid=TB009048

Open Access Article. Published on 30 November 2021. Downloaded on 1/18/2026 3:52:13 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

crystalline materials can be followed by the LaMer model of
crystal nucleation and growth,'® which applies to nanoparticles
formed by a ‘bottom up’ method such as nanoprecipitation.**
The LaMer model states that upon mixing, the solute becomes
supersaturated, thereby triggering nucleation. Nucleation and
growth then proceed in a simultaneous fashion competing
for the consumption of supersaturated solute, until the solute
concentration falls below the critical nucleation threshold
whereby new nucleation events can no longer occur. Meanwhile,
nanoparticles continue to grow by diffusion of solute and are
stabilised by surfactants.’® Dalvi and Dave suggested that
according to the LaMer model, small nanoparticles with a
narrow distribution (low polydispersity) can be produced if a
high rate of nucleation can be achieved while also limiting any
growth phase. On the other hand, a slower rate of nucleation
results in a dominant growth phase and a formulation of large
particle size and broad distribution (high polydispersity).">
Dalvi et al. continued by linking a higher rate of nucleation to
a higher degree of supersaturation.'? Strategies that have been
demonstrated to increase the degree of supersaturation are:
increased concentration of solute; variation of temperature;
and the selection and ratio of solvents and anti-solvents."®
Therefore, the solubility of a compound plays a critical role in
controlling the size and polydispersity of the nanoparticles that
are formed.

Unfortunately, SLNs have been reported to suffer from poor
drug loading as well as poor stability primarily due to; aggrega-
tion, Ostwald ripening or polymorphic transitions of the solid
core."™"® Polymorphic transitions are linked to highly crystal-
line materials. Helgason et al, have previously shown that
polymorphic transitions of SLNs lipid core can induce changes
in nanoparticle morphology from spherical to a needle-like
form, which can result in drug expulsion.'® As an approach to
address polymorphic transitions in SLNs Jenning et al. demon-
strated that blending liquid and solid lipids can disrupt the
crystal structure of the solid lipid, therefore delaying recrystal-
lisation and improve physical stability."” It was found that
increasing the concentration of oil in lipid carrier nanoparticles
resulted in the depression and broadening of the solid lipid
melting peak, thus indicating a reduction in crystal order.
Additionally, a study by Bunjes et al. demonstrated how blends
of various solid lipids at different ratios can cause imperfec-
tions and disrupt the crystal structure of lipid nanoparticles,
showing that the greatest imperfections to the crystal structure
of a lipid nanoparticle may be achieved using a complex
mixture of lipids. The results highlighted how different ratios
of lipids can change the melting temperature, enthalpy and rate
of recrystallisation.'® An investigation by Salminen et al. high-
lighted how high melting lecithin facilitated physically stable
SLNs, while low melting lecithin resulting in nanoparticle
growth.’ Therefore, strategies that can be used to disrupt
the ability of lipids and drug to crystallise are very useful in
developing lipid-based nanocarriers of higher stability.

Ostwald ripening is another phenomenon that is often also
responsible for colloidal instabilities in lipid nanoparticles. It is
a thermodynamically driven process whereby smaller particles
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undergo dissolution into the continuous phase and deposit in
the larger particles.’* The larger particles are favoured over
smaller particles due to their lower chemical potential. Therefore,
Ostwald ripening results in an increase in the overall particle
size of the formulation. Some advances have been made to
slow/prevent Ostwald ripening by employing various surfactant
stabilisers to enhance steric and electrostatic stabilisation,
however screening a diverse range of surfactants tends to be
a lengthy process which lacks efficiency. Another key factor
determining the rate of Ostwald ripening is the solubility of the
hydrophobic material (e.g. the lipids) in the continuous phase.
Early investigations by Wooster et al. have highlighted how the
aqueous solubility of an oil had a major impact on the stability
of nanoemulsions. Specifically, compounds with very low
aqueous solubilities such as triglyceride oils possessed a pro-
found resistance to Ostwald ripening due to their severe
insolubility in water.”® As a result, it is likely that the solubility
of components within SLNs are key factors in controlling
Ostwald ripening.

Log P also known as the n-octanol/water partition coefficient
is a measure of a molecule’s lipophilicity, by means of a balance
between a molecules hydrophobic and hydrophilic features.
Therefore, molecules of high lipophilicity can be correlated
with extreme hydrophobicity. Additionally, the aqueous solubi-
lity of a compound is closely linked to log P; molecules with
higher log P values are generally less water soluble. Calculated
values for lipophilicity can be determined by a wide range of
calculation descriptors, which typically are robust predictors of
experimental log P values.”" Research by Zhu investigated the
correlation between log P and stability of drug nanoparticles
formulated by flash nanoprecipitation. The study investigated
various hydrophobic drug molecules each ranging in value of
log P calculated by the ACDlog P algorithm. They showed that
nanoparticles made up of molecules with a log P > ~12 showed
good stability. Meanwhile, any nanoparticles formed from
compounds with log P values between approximately 2 and 9
showed signs of fast Ostwald ripening and recrystallisation.
Finally, compounds with a log P lower than 2 were generally
unable to form nanoparticles due to their high solubility in
water.”> Furthermore, the conditions surrounding logP and
stability set by Zhu have been supported by further studies by
Pustulka using the milog P algorithm which claim stable nano-
particles can be produced using compounds with a log P greater
than ~6."> Although slight differences have been found
between various algorithm models.”” It is also likely that the
higher log P compounds also possessed lower aqueous solubi-
lities which hindered any likelihood of Ostwald ripening. This
work firstly supports how log P has potential to be used as a
predictive tool with regards to nanoparticle stability, while
there is a clear need for further research focused on the
relationship between log P and nanoparticle stability. Therefore,
it is likely that the solubility of a compound not only influences
the stability of the nanoparticles but also the size and the
polydispersity of the nanoparticles that are formed.

The systematic modification of a drug molecule to alter its
log P would allow for a more detailed investigation into the
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Fig. 1 Schematic overview of a strategy to investigate the relationship
between logP and nanoparticle characteristics such as particle size,
polydispersity and morphology of lipid-based nanoparticles. Three drug
analogues of lamivudine were synthesised by reacting with various length
alkyl chloroformates to produce carbonate and carbamate bonds. The
drug analogues were then nanoprecipitated into an aqueous solution of
Brij 78 to achieve drug analogue nanoparticles for characterisation.
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factors controlling lipid nanoparticle formation and growth.
A suitable approach for this modification has previously been
demonstrated by Hobson et al. where chemical modification of
the hydrophilic drug emtricitabine was conducted to increase
its log P and enable formulation as drug nanoparticles which
could be used as a long-acting injectable.> Lamivudine (Fig. 1)
is a very similar molecule to emtricitabine, however is structu-
rally less complex due to the absence of fluorine. It has a log P
< 2 (too hydrophilic to formulate efficiently within a hydro-
phobic nanoparticle) and possesses amine and alcohol groups
to allow modification with various hydrophobic alkyl chloro-
formates to form stable drug analogues with reversible carbonate
and carbamate bonds. We hypothesised that the same synthesis
could be applied for lamivudine, with the alkyl chloroformates
carefully selected based on logP values predicted for drug
analogues.

In this work we undertake a systematic investigation of how
log P of a set of drug analogues controls SLN formation and
stability, (Fig. 1).

The approach also examines potential for solid drug analo-
gue nanoparticles (which we refer to as SDANs from hereon)
formed 100% drug analogue which have drug loadings much
higher than the majority of SLNs reported in the literature.
In order to investigate a broad range in logP, three drug
analogues were synthesised from the hydrophilic drug lamivu-
dine. We also investigated the effect of blending dodecyl drug
analogue with the solid lipid Imwitor 900k. We investigated the
degree of crystallinity of the drug analogue in various blends,
while also documented the effect on drug loading, particle size,
polydispersity and stability.

Results and discussion
Synthesis of drug analogues

Three alkyl modified drug analogues with carbamate and
carbonate ester linkers were produced using the strategy
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previously demonstrated by Hobson et al. The reactions occurred
at the 5'-hydroxyl and amino groups of lamivudine (Fig. 1).
To better understand the relationship between log P and nano-
particle stability, we used chloroformates with specific alkyl chain
lengths based on the calculated log P to produce drug analogues
of lamivudine. The alkyl chloroformates were n-butyl, n-octyl and
n-dodecyl chloroformates, while the corresponding calculated
log P were 2.98, 7.21 and 11.44 respectively. Each drug analogue
was a white solid and was characterised with the following proton
and carbon nuclear magnetic resonance (NMR), Infra-red spectro-
scopy, mass spectrometry and CHNS elemental analysis (see ESIt)
for methods and characterisation data, Fig. S1-S7 and Tables S1,
S2, ESIT). The three hydrophobically modified drug analogues
were successfully prepared; butyl drug analogue, octyl drug ana-
logue and dodecyl drug analogue.

Solid drug analogue nanoparticles (SDANs)

The range of log P of drug analogues enabled us to investigate
some of the key boundaries in log P previously reported by Zhu
et al. Each of the drug analogues were nanoprecipitated into
a fixed volume of the surfactant Brij 78 (polyoxyethylene 20
stearyl ether). Brij 78 is derived from stearic acid molecules
conjugated to a polyethylene glycol (PEG) 1000 g mol " chain.
PEG has been widely used to provide a steric stabilisation for
lipid nanoparticles.>®

The addition of the octyl and dodecyl drug analogue solutions
in THF to the aqueous antisolvent resulted in the formation of
a weakly turbid nanoparticle formulation as the nanoparticles
were formed, Meanwhile, upon addition of the butyl drug
analogue solution the formulation remained clear (Fig. S8A,
ESIT), thus indicating potential solubility of the butyl drug
analogue within the continuous phase and hindering nano-
particle formation. The samples were analysed by dynamic
light scattering (DLS) 1 hour after formulation- while THF still
present, the dodecyl SDAN formulation was on average 151 nm
in diameter and 0.14 PDI. DLS measurements of the butyl
SDAN formulations revealed a hydrodynamic diameter of
30 nm with a derived count rate approximately 1% of that
of the dodecyl SDAN formulations, thus further suggesting
solubility of the butyl drug analogue due to an extremely low
concentration of nanoparticles of butyl drug analogue/micelles
of Brij 78. Herein was concluded the butyl drug analogue was
too soluble in the continuous phase mixture of both water and
THF which was likely due it’s low log P of 2.98 which in turn
drastically hindered nanoparticle formation. The DLS data for
the octyl drug analogue formulation was bimodal containing
micron sized aggregates and therefore was deemed not suitable
for DLS due to impacting the accuracy of the measurements.
Soon after DLS measurements the octyl drug analogue formula-
tion possessed a shimmering appearance that is associated
with anisotropic crystals diffracting light at multiple angles,
thus suggesting rapid particle size growth and crystallisation of
the drug analogue likely due to Ostwald ripening (Fig. S8A,
ESI).>® The presence of anisotropic crystals within the octyl
SDAN formulation was later confirmed by optical microscopy
(Fig. S9A, ESIY).

This journal is © The Royal Society of Chemistry 2021
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After 2 days the THF had evaporated and the dependence of
stability on log P became highly noticeable as the butyl drug
analogue formulation increased in turbidity. The butyl drug
analogue formulation also contained visible aggregates which
became even more visible on day 6 (Fig. S8B, C and S9B, ESIY),
which likely formed due to loss of solubility within the conti-
nuous phase resulting in saturation of the butyl drug analogue
as the THF evaporated. As a result, instigated the rapid and
extensive growth of nanoparticles. Meanwhile, the octyl drug
analogue formulation still possessed the shimmering appearance
until day 6 where the formulation had sedimented (Fig. S8B-D,
ESIt). The dodecyl SDAN formulation appeared unchanged
(Fig. S8B and C, ESIt), however a slight increase in particle
size and PDI was observed by DLS, Fig. 2. This was attributed
to a small degree of Ostwald ripening during solvent evapora-
tion. Nevertheless, the dodecyl SDAN formulations appeared
to remain stable upon storage at 4 °C, as there was no further
notable change on day 6 or 28, Fig. 2, likely due to steric
stabilisation provided by Brij 78. In addition, the data from
Fig. 2 also highlights the large degree of reproducibility
between dodecyl analogue formulations - the relative standard
deviation of particle size between three replicate samples was 7,
18, 23 and 9 for day 0, 2, 6 and 28 measurements. Measurement
of zeta potential confirmed that the dodecyl nanoparticles were
stabilised solely by steric stabilisation due to an average net
charge of —1.9 mV.

Attempts were made to characterise each of the SDAN
formulations using cryogenic scanning electron microscopy
(cryo-SEM) 2 days after formulation. Cryo-SEM was used in
order to allow the visualisation of the particles without any
significant drying effects that can occur in conventional scan-
ning electron microscopy. Unfortunately, it was not possible to
conclusively image either the butyl or octyl drug analogue
formulations, however it was deemed with the dodecyl SDAN
formulation, spherical nanoparticles were observed (Fig. 3) after
comparing the cryoSEM images of both the dodecyl SDAN for-
mulation and a brij 78 control (Fig. S10, ESIT) The measurement of
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Fig. 2 Data collected measuring both particle size and polydispersity of
dodecyl SDAN formulations over 28 days. Samples prepared in triplicate
and error bars calculated on standard deviation between measurements.
Samples were stored at 4 °C after day 2 measurement.
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Fig. 3 Depicts drug analogue structures and cryo-SEM images of the
corresponding SDANs formulations.

200 particles from the cryo-SEM images revealed an average
particle diameter of 136 nm and a standard deviation of 44, thus
in agreement with data obtained by DLS - after factoring in the
solvent layer which adheres to the surface of nanoparticles in
solution making particles appear bigger on DLS than in reality.
The diameter distribution graph based on the cryo-SEM data can
be found in the supplementary information (Fig. S11, ESIY).

By combining data from various microscopy techniques
alongside DLS and photographic data we hypothesised the
relationships observed were evidence of the LaMer model and
occur due to a difference in degree of supersaturation and rate
of nucleation. Whereby, drug analogues of higher log P have a
higher degree of supersaturation and thus nucleate at a faster
rate which competes with the growth phase producing nano-
particles of smaller and uniform size. On the other hand, a low
log P results in a lower degree of supersaturation therefore slow
nucleation was resulting in a longer period of nucleation
events, thus upon growth a broader particle distribution was
established, as shown schematically in Fig. 4. In essence, the

%‘“ :
A%
W

o

Fig. 4 Illustrates how the differences in rate of nucleation as a result of
differences in logP may affect particle size and size distribution of
formulations according to LaMer model.
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nanoparticle formulation properties were heavily dependent
on the logP of the drug analogue and display evidence for
the ability to tune these properties accordingly by applying
LaMer model.

Furthermore, the high log P of the dodecyl SDAN formula-
tion appeared to resist Ostwald ripening over the analysis
duration we have investigated. Therefore, it can be deduced
that Ostwald ripening was greater in nanoparticles of lower
log P, due to the greater solubility of the lower log P compounds
in the continuous phase which enabled more rapid mass
transport from the smaller nanoparticles to the larger nano-
particles/growing crystal. This data agrees with Zhu suggesting
drugs with a log P between 9 and 12 are potentially stable. Given
the favoured properties of the dodecyl drug analogue SDANS,
further studies were carried out on this drug analogue.

Blends of drug analogues

The conclusion from earlier data was the octyl drug analogue
was slower to nucleate than the dodecyl drug analogue, there-
fore we hypothesised that a blend may result in the dodecyl
drug analogue aiding nanoparticle formation by providing
nuclei from which the octyl drug analogue could grow. Another
advantage of the blending approach is the potential to achieve
higher drug loadings due to a higher proportion of the octyl
drug analogue is made up of the model active lamivudine.
Fig. 5 shows data obtained by DLS for various blends of dodecyl
and octyl drug analogue.

For each blend, particles were detected and measured by
DLS, all of which were of comparable average particle size to
that of 100% dodecyl drug analogue formulation. Thus, we
concluded the dodecyl drug analogue had indeed aided in
nanoparticle formation. Furthermore, as the % of octyl drug
analogue was increased in the blends the PDI generally

mmm Z-average DAY O
mmm 7-average DAY 6 =e=-PD| DAY 0
=6=PDI DAY 2 =e=-PD| DAY 6

* = Formulation not suitable for DLS
600 -

500 - ¥ 3

400 -

Z-average DAY 2

r 03

0.2

PDI

300 - -
200 - - 0.1
100 - I I -
0 - 0
(100:0)(75:25) 50 50) (25 75) (0 100)
Dodecyl : Octyl drug analogue blends

Average Particle size (nm)

Fig. 5 Particle size and size distribution data for blends of dodecyl and
octyl drug analogue formulations obtained by DLS.
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increased along with broader margins for error thus suggesting
a loss of control over nanoparticle formation. However, shortly
after the DLS measurement the blend of 25% dodecyl/75% octyl
drug analogue displayed signs of instability in a similar manner
to the 100% octyl drug analogue formulation by means of a
shimmering effect again suggesting the presence of anisotropic
crystals. On the other hand, the blends of 75% dodecyl/25%
octyl drug analogue and 50% dodecyl/50% octyl drug analogue
appeared stable on day 0 due to no notable changes in
appearance. Nevertheless, during the 2 day period of removal
of THF by evaporation, the blends of dodecyl and octyl drug
analogue quickly increased in particle size as the 75% dodecyl/
25% octyl formulation grew on average by >300 nm after
2 days. While the 50% dodecyl/50% octyl drug analogue for-
mulation also possessed a shimmering effect again suggesting
a large degree of crystal particle growth to form anisotropic
crystals and was no longer suitable for particle size measurement
by DLS. This suggests despite aiding particle formation the
continuous phase of water/THF was still too soluble for the
octyl drug analogue thus enabling Ostwald ripening.

Lipid/drug analogue nanoparticle blends

We further investigated the effect of blending with the dodecyl
drug analogue and a complex mixture of lipids in the form of
Imwitor 900k, a mixture of mono-, di- and triglycerides of both
palmitic and stearic acid.

An important consideration in terms of blending the drug
analogue with lipid is that it will in turn reduce the active drug
loading. Fig. 6 shows the relationship between the drug loading
in the formulation and the composition of the formulation. It is
clear that formulations composed of 100% drug analogue offer
excellent active drug loadings (32% w/w) in the core of the
nanoparticles. Furthermore, Fig. 6 also shows how a good level
of drug loading is maintained as the dodecyl drug analogue is
blended with Imwitor 900k at various ratios.

N =Brij 78
= Imwitor 900k = Dodecyl drug analogue
sy o, s 0 & %5533’0 B @%355}
e g R “’?g“z"?&”
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Fig. 6 The relationship between drug analogue loading and active drug
loading for each of the various lipid/drug analogue blend formulations.
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Fig. 7 Particle size and size distribution data for each of the lipid/dodecyl
drug analogue blends obtained by DLS over a 28 day period. Samples
prepared in triplicate and error bars calculated on standard deviation
between measurements. Samples were stored at 4 °C after day 2
measurement.

Lipid-based nanoparticles were then formed using blends of
drug analogue with Imwitor 900k to investigate the effect of
composition on particle size, distribution and stability. Fig. 7
displays particle size and polydispersity data obtained for each
of the lipid/drug analogue blends over a 4 week period where
samples were stored at 4 °C once all THF had been removed.
The measurement on day 0 reflects particle properties imme-
diately after preparation, day 2 provides a timepoint for when
no more THF remained in the continuous phase due to the
disappearance of peaks at 1.85 and 3.7 ppm on a 'H NMR
spectrum (Fig. S12, ESIT).>” While, day 6 reflected on short term
stability upon storage at 4 °C and day 28 provides a measure of
the longer-term dispersion stability at 4 °C. On Day 0, the effect
of increasing the drug analogue concentration in the nano-
particles resulted in a slight decrease in the average particle
size for each of the blends. Additionally, there was a more
pronounced decrease in polydispersity with increasing drug
analogue concentration in the blend suggesting the formula-
tions become much narrower. A possible explanation for
the decrease in dispersity and particle size is the differences
in log P. Imwitor 900k consists of 40-55% monoglycerides,®
both glyceryl monostearate and glyceryl monopalmitate have a
moderate log P of 6.3 and 7.4. log P values in this range will
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result in an overall decrease in rate of nucleation as the
percentage of Imwitor 900k was increased. Furthermore, low
log P may also offer an explanation as to why the 100% Imwitor
nanoparticles suffer from growth between day 6 and day 28
resulting in a shimmering effect similar to that seen with the
octyl drug analogues (Fig. S13, ESIf). Despite this, the 100%
Imwitor 900k nanoparticles appear to be stable and resist
Ostwald’s ripening up to a point between day 2 and 6, which
was likely due to the high logP of the remaining di- and
triglycerides of Imwitor 900k following a fast degree of nuclea-
tion. All the lipid/drug analogue blend formulations showed
very little change in particle properties at the time points, any
changes were likely within error. This finding suggests that
each of the blend formulations of lipid and dodecyl drug
analogue were stable for up to 4 weeks.

In order to better understand the effect of blending on the
crystallinity of both the lipid and dodecyl drug analogue DSC
experiments were carried out. Firstly, the starting materials for
the nanoparticle formulations were investigated individually,
(Fig. 7). Brij 78 showed crystalline behaviour with a melting
peak at approximately 40 °C. Imwitor 900k showed a broad
melting endotherm with a melting temperature of approxi-
mately 60 °C. The slightly broader melting behaviour was likely
due to Imwitor 900k existing as a mixture of lipids rather than a
single pure molecule. The endotherm for the dodecyl drug
analogue was sharp, with a peak at high temperature at
approximately 89 °C. In order to assess the compatibility of
the lipid and the drug analogue, a 50:50 binary mixture of
dodecyl drug analogue and Imwitor 900k was prepared by
melting the two compounds together allowing to solidify
followed by thermo-analysis by DSC. The thermogram for this
binary mixture possessed an intense peak at a lower tempera-
ture than that of both Imwitor 900k and dodecyl drug analogue
which suggests the presence of a eutectic mixture.”> On the
other hand, an additional weaker transition was also observed
in the range of 55-62 °C which may indicate the co-existence of
a small amount of crystalline Imwitor 900k suggesting the
dodecyl drug analogue may have instead solubilised within
Imwitor 900k (Fig. 8). Nevertheless, the absence of a dodecyl
drug analogue transition indicates the dodecyl drug analogue
is of good compatibility with Imwitor 900k, meanwhile intro-
duced a degree disorder of the Imwitor 900k crystal structure.*®
The onset temperatures and peak temperatures for each of the
samples is summarised in Table 1.

The thermal properties of the lipid-based nanoparticle
blends were then investigated. Fig. 9 displays an overlay of
thermograms for each of the nanoparticle formulations. The
most pronounced melting transition that was observed for all
formulations was Brij 78 peak at approximately 35-45 °C, this
was due to Brij 78 comprising 86% of the total mass of each
sample while the core comprised 14%. The endotherms ocur-
ring in the region 45-65 °C corresponded to the nanoparticle
core crystallinity, with endotherms in the range ~45-55 °C for
the Imwitor 900k and ~55-75 °C for the dodecyl drug analogue.
For the formulation of 100% Imwitor 900k the average peak
temperature for Imwitor 900k was 51.1 °C. It was clear that the
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Fig. 8 Overlay of 2nd heat DSC thermograms for each bulk material
nanoparticle component as non-formulated materials Brij 78 (grey),
Imwitor 900k (green), dodecyl drug analogue (red). Overlay includes a
50:50 binary mixture between Imwitor 900k and the dodecyl drug
analogue (blue).

Table1 Numerical data corresponding to each of the DSC analysis of the
non-formulated components used in Fig. 7

Peak
temperature (°C)

Onset
temperature (°C)

Brij 78 32.9 39.7
Imwitor 900k 54.6 59.9
Dodecyl drug analogue 85.6 88.8
Binary mixture 46.2 52.1

(Imwitor 900k/Dodecyl
drug analogue at 50:50)

ratio of Imwitor 900k and dodecyl drug analogue determined the
crystallinity of the two compounds. Firstly, as expected for 100%

View Article Online
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Imwitor 900k nanoparticles only one peak was present in this
region (see Fig. 9, inset). As the percentage of dodecyl drug
analogue was increased to 25% the magnitude of the Imwitor
900k endotherm decreased, whilst also shifting left to a lower
melting temperature. This change in peak behaviour was
described by Jenning et al. as peak depressions.’” No endotherm
for the drug analogue was observed in the region of 60-75 °C.
The presence of a single peak at this ratio suggested the
Imwitor 900k and dodecyl drug analogue exists as a solid
solution with the dodecyl drug analogue completely solvated
within the solid lipid core of the nanoparticles. This behaviour
in the nanoparticles was that same as seen for the binary
mixture of only lipid and drug analogue shown in Fig. 8.
As the ratio of dodecyl drug analogue was increased further
to ratio of 50:50 the Imwitor 900k endotherm again experi-
enced peak depression, however an additional peak was also
present at a higher temperature of approximately 54 °C, thus
indicating the presence of two different crystalline forms."®
As the amount of drug analogue in the composition was further
increased to a ratio of 25:75 the endotherm corresponding
to the drug analogue became more pronounced and shifted
to higher temperatures of approximately 60 °C and 65 °C as
the ratio of dodecyl drug analogue was increased to 75 and
then 100%. Additionally, the peak for Imwitor 900k comple-
tely disappeared at 75% drug analogue. Consequently, we
hypothesise that at 75% drug analogue, the core existed as
Imwitor 900k solubilised within the drug analogue. Compar-
ison between the unformulated material and nanoparticle
formulations showed peak broadening and a shift of
endotherms to lower melting temperature for both the core
nanoparticle materials i.e. Imwitor 900k or dodecyl drug
analogue (see Table 2) compared to the corresponding bulk
material (Table 1). Similar findings have been reported by

Imwitor 900k : Dodecyl prodrug

i R
—(100:0)@
2 - &

Heat Flow (Normalised) Q (W/g)

0
| , &
- (75:25) g
A,
1 — (50:50) @5%@
-3 o5
{4 = (25:75) N{J}géz%}y ‘ . ‘ ‘ .
T 2N 40 50 70 80 90 100
1 — (0 :100) %@%ﬁ k Temperature (°C)
-4
0 20 40 60 80

100

Temperature (°C)

Fig. 9 Overlay of DSC traces for each of the nanoparticle formulations. The inset shows the region 40-100 °C which indicates the effect of core
composition on the crystallinity of the lipid and drug analogue within the core of nanoparticles.
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Table 2 Numerical data corresponding to each of the DSC analysis of the formulated components for 100% dodecyl drug analogue nanoparticles

Average onset
temperature (°C)

Difference (+) to unformulated
onset temperature (°C)

Average peak
temperature (°C)

Difference (£) to unformulated
peak temperature (°C)

55.2
53.1

+0.6
—32.5

Imwitor 900k
Dodecyl drug analogue

Siekmann and Westesen.*" This suggests a decrease in crystal
perfection which can be attributed to small size of the nano-
particles and an interaction between the surfactant and
the core.

In addition, a notable trend between formulation ratio of
Imwitor 900k to drug analogue and shifts in the melting
temperatures and enthalpies for both the dodecyl drug analo-
gue and Imwitor 900k. For the drug analogue, the melting
temperature and crystallinity decreased as the percentage of
Imwitor increased in the formulation (Fig. 10). Indeed, the drug
analogue was entirely amorphous when the drug analogue
represented 25% of the core mass formulation. It was not
possible to carry out a similar analysis for the Imwitor 900k
due to some overlap of the melting enthalpies with those from
Brij 78, however it was clear that the melting temperature
decreased and the enthalpy for the melted also decreased with
increasing drug analogue concentration. These results provide
strong evidence of the Imwitor and the dodecyl drug analogue
were contained in the same particles (rather than separate
nanoparticle populations), additionally the blending reduced
the crystallinity of both compounds relative to that of the bulk
material. This work demonstrates how the crystallinity of
a nanoparticle core can be tuned by blending with various
components.

O Crystallinity
A Melting temperature

100.00 - - 80.0
80.00 - %)
£ A & 60.0 <
= o
S A =
@ 60.00 - &
= o
o - 400 §
2 40.00 - @ 8
5 ’ o
(] =
« - 20.0 £
e 20.00 A @ ©
=

0.00 oy Q 0.0

0 25 50 75 100

% Dodecyl drug analogue

Fig. 10 Graph showing the relationship between percentage of dodecyl
drug analogue within the core and the crystallinity of dodecyl drug
analogue relative to that of the bulk.

This journal is © The Royal Society of Chemistry 2021

58.9
64.9

—-1.0
—23.9

Conclusions

In this study the effects of log P of carbamate and carbonate-
based drug analogues on the formation and stability of SLN
and SDAN were investigated. As per the LaMer model, with
increasing log P (and the likely higher degree of supersaturation
and faster rate of nucleation) smaller nanoparticles with
reduced standard deviation were produced. Furthermore, the
drug analogue with the highest log P (11.44) resulted in highly
stable formulations which maintained size and dispersity for
up to at least 4 weeks. Meanwhile drug analogues of lower log P
experienced considerable growth resulting in micron sized
aggregates as a result of Ostwald ripening. This work shows
how log P can be used as a tool to tune nanoparticle formula-
tions in the future. Additionally, the approach to produce
SDANSs (that included no carrier material offered the opportu-
nity to produce nanoparticles with an active drug loading of up
to 32%. Additionally, we also demonstrated how using a drug
analogue of high log P and a complex mixture of lipids such as
Imwitor 900k, SLN formulations of high drug loading and good
immediate stability may be achieved. By blending with a
complex mixture of lipids such as Imwitor 900k we also
managed to control the crystallinity of the drug analogue within
the core of the SLN formulations due to a strong correlation
between % drug analogue loading and % crystallinity. DSC
analysis was highly suggestive of a solid solution at both 25 and
75% drug analogue loadings, whereby the drug analogue or
lipid would dissolve into the higher concentrated material
effectively becoming amorphous due to the absence of an
endothermic melting peak.

The ability to produce lipid-based nanoparticles of originally
hydrophilic drugs is attractive in terms of its ability to obtain
high drug loading formulations. The strategy of producing drug
analogues and then forming SDANs could also be employed
for hydrophobic drugs of relatively low log P with high drug
loading. While also potentially allow the formation of combi-
nation nanoparticles with hydrophilic and hydrophobic drugs.

Experimental
Materials

Brij 78, tetrahydrofuran, anhydrous materials (pyridine, dichloro-
methane) and deuterated solvents (CDCl;) were all purchased
from Sigma Aldrich. Each were used as received apart from CDCl,
where 0.1% tetramethylsilane was added. All other solvents
were reagent grade and purchased from Fischer Scientific and
used as received. Alkyl chloroformates were purchased from
Tokyo chemical industry and used as received. Magnesium
sulphate (MgSO,) and concentrated hydrochloric acid (HCI)
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were also purchased from Fischer Scientific. HCl was diluted
down to a 1M solution, meanwhile MgSO, was used as
received. Imwitor®™ 900K (glyceryl monostearate) was kindly
gifted from IOI Oleochemical, Hamburg. Lamivudine was
purchased from Top Well Medipharma Group.

Methods

General synthesis of 3TC drug analogues using n-alkyl
chloroformate. In an oven dried 100 ml round-bottom flask,
cooled under dry nitrogen, 3TC (2.98 g, 1.0 eq., 0.013 mol) was
suspended in anhydrous DCM (150 ml). Anhydrous pyridine
(3.08 g, 3.0 eq., 0.039 mol) was also charged to the round
bottom flask before the reaction mixture was purged with dry
nitrogen for approximately 30 minutes and cooled to 0 °C using
an ice bath. The reaction was initiated by the dropwise addition
of n-alkyl chloroformate (2.2 eq., 0.029 mol). The reaction
mixture was allowed to warm to room temperature and left
stirring for 22 hours. The product was washed three times with
1 M HCI aqueous solution, and the organic phase was washed
with brine, dried with MgSO, and filtered before removing
volatiles from the reaction mixture via reduced pressure. The
resulting residue was purified via silica chromatography (hexane
50:50 ethyl acetate) to obtain a white powder which was dried in
a vacuum oven at 20 °C.

Characterisation methods of drug analogues. Characterisa-
tion was carried by '"H NMR, mass spectrometry and CHNS
elemental analysis. NMR spectra were recorded using a Bruker
DPX-400 spectrometer operating at 400 MHz for 'H NMR.
Solvents used for NMR spectroscopy were CDCl; containing
0.1% TMS. Electrospray ionisation mass spectrometry data was
recorded at the University of Liverpool in the Mass Spectro-
metry Laboratory. The electrospray ionisation mass spectro-
metry was analysed using a MicroMass LCT mass spectrometer
using electron ionisation and direct infusion syringe pump
sampling. CHNS - Elemental analysis performed using an
Elemenatar Vario Micro cube elemental analyser. log P values were
calculated using ChemDrawProfessional version 18.1 software.

Characterisation data of drug analogues

Butyl drug analogue (butyl(1-((2R,55)-2-((((butyloxy)carbonyl)-
oxy)methyl)-1,3-oxathiolan-5-yl)-2-oxo-1,2-dihydropyrimidin-4-yl)-
carbamate): yield 0.7 g (37%); m.p. 82-84 °C; elemental analysis
(caled for C5H,,N30,S: C, 50.34; H, 6.34; N, 9.78; S, 7.46; found:
C, 50.36; H, 6.35; N, 9.9; S, 7.22%); Vinax/cm ' 3455w (NH), 3295s,
3114w, 2960s, 2936w and 2903w (CH); 1750s, 1727s and 1677s
(C0), 1501s (CC), 1260s (CO); "H NMR (400 MHz, CD;0D) § ppmy;
0.9 (6H, t, CH;), 1.3-1.4 (4H, m, CH,), 1.6-1.75 (4H, m, CH,), 3.4
(2H, dd, CH,), 4.2 (4H, t, CH,), 4.6 (2H, m, CH,), 5.4 (1H, s, CH),
6.3 (1H, s, CH), 7.25 (1H, d, CH), 7.4-8.1 (1H, broad s, NH), 8.2
(1H, d, CH); **C NMR NMR (100 MHz, CD;0D) § ppm; 13.60
(s, 1C), 13.63 (s, 1C), 18.86 (s, 1C), 18.92 (s, 1C), 30.56 (s, 1C),
30.59 (s, 1C), 38.83 (s, 1C), 66.25 (s, 1C), 66.58 (s, 1C), 68.62
(s, 1C), 84.37 (s, 1C), 87.98 (s, 1C), 94.68 (s, 1C), 144.24 (s, 1C),
152.49 (s, 1C), 154.60 (s, 1C), 154.89 (s, 1C), 162.65 (s, 1C); HRMS
(EST) mj/z: caled for CygH,,N;0,S, 430.16 [M + HJ', 452.15
[M + NaJ, found 430.16, 452.15.
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Octyl drug analogue (octyl(1-((2R,55)-2-((((octyloxy)carbony-
DJoxy)methyl)-1,3-oxathiolan-5-yl)-2-oxo-1,2-dihydropyrimidin-4-
yl)carbamate): yield 0.88 g (37%); m.p. 72-74 °C; elemental
analysis (caled for C,4H43N30,S: C, 57.65; H, 8.00; N, 7.76; S,
5.92; found: C, 57.74; H, 8.04; N, 7.94; S, 5.97%); Via/cm '
3457w (NH), 3295s, 3114w, 2955s, 2920w and 2852w (CH);
1747s, 1729s and 1673s (CO), 1501s (CC), 1278s (CO);
'"H NMR (400 MHz, CD;0D) § ppm; 0.9 (6H, t, CH3), 1.3-1.4
(20H, m, CH,), 1.6-1.75 (4H, m, CH,), 3.4 (2H, dd, CH,), 4.2
(4H, t, CH,), 4.6 (2H, m, CH,), 5.4 (1H, s, CH), 6.3 (1H, s, CH),
7.25 (1H, d, CH), 7.4-8.1 (1H, broad s, NH), 8.2 (1H, d, CH);
3C NMR NMR (100 MHz, CD;0D) § ppm; 14.06 (s, 2C), 22.60
(s, 2C), 25.62 (s, 1C), 25.69 (s, 1C), 28.59 (s, 1C), 29.11 (s, 1C),
29.12 (s, 2C), 29.14 (s, 1C), 31.73 (s, 1C), 31.75 (s, 1C), 38.85
(s, 1C), 66.58 (s, 2C), 68.94 (s, 1C), 84.39 (s, 1C), 88.00 (s, 1C),
94.64 (s, 1C), 144.28 (s, 1C), 152.42 (s, 1C), 154.61 (s, 1C), 154.90
(s, 1C), 162.60 (s, 1C); HRMS (ESI) m/z: caled for C,sH43N;0S,
542.29 [M + HJ, 564.27 [M + Na]’, found 542.29, 564.27.

Dodecyl drug analogue (dodecyl (1-((2R,55)-2-((((dodecyloxy)-
carbonyl)oxy)methyl)-1,3-oxathiolan-5-yl)-2-oxo-1,2-dihydro-
pyrimidin-4-yl) carbamate): yield 0.75 g (26%); m.p. 78-80 °C;
elemental analysis (caled for C3,HsoN30,S: C, 62.45; H, 9.09;
N, 6.43; S, 4.90; found: C, 62.37; H, 8.98; N, 6.26; S, 5.00%);
Vinax/em ™! 3459w (NH), 3279s, 3146w, 2955s, 2916w and 2849w
(CH); 1747s, 1728s and 1676s (CO), 1500s (CC), 1276s (CO);
'H NMR (400 MHz, CD;0D) é ppm; 0.9 (6H, t, CH;), 1.3-1.4
(32H, m, CH,), 1.6-1.75 (8H, m, CH,), 3.4 (2H, dd, CH,), 4.2
(4H, t, CH,), 4.6 (2H, m, CH,), 5.4 (1H, s, CH), 6.3 (1H, s, CH),
7.25 (1H, d, CH), 7.4-8.1 (1H, broad s, NH), 8.2 (1H, d, CH);
3C NMR NMR (100 MHz, CD;0D) § ppm; 14.10 (s, 2C), 22.67
(s, 2C), 25.63 (s, 1C), 25.70 (s, 1C), 28.60 (s, 1C), 28.68 (s, 1C),
28.88 (s, 2C), 29.19 (s, 1C), 29.22 (s, 1C), 29.33 (s, 2C), 29.48
(s, 2C), 29.54 (s, 1C), 29.57 (s, 1C), 29.60 (s, 1C), 29.63 (s, 1C),
31.90 (s, 1C), 32.65 (s, 1C), 38.87 (s, 1C), 66.55 (s, 1C), 66.62
(s, 1C), 68.96 (s, 1C), 84.44 (s, 1C), 88.01 (s, 1C), 94.68 (s, 1C),
144.31 (s, 1C), 152.41 (s, 1C), 154.89 (s, 1C), 155.43 (s, 1C),
162.55 (s, 1C); HRMS (ESI) m/z: caled for C3,H59N30,S, 654.41
[M + H]', 676.40 [M + Na]', found 654.41, 676.40.

General nanoparticle preparation

Method adopted for SDAN and SLN formulation was nano-
precipitation. For the aqueous phase, the surfactant Brij 78
was dissolved to prepare a 500 ml stock solution in distilled
water (1 mg ml™") and left overnight at 21 degrees Celsius
under mechanical stirring (300 rpm). Regardless of the com-
position a stock solution of the lipid/drug analogue phase
(2 mg ml ") was prepared in tetrahydrofuran which was sealed
and left at room temperature under mechanical stirring
(300 rpm) for 30 minutes. Portions of the stock solution were
then diluted down ready for injection (2 mg ml~", 2 ml).

The 2 ml lipid/drug analogue solution was charged dropwise
into the vortex of Brij 78 aqueous solution (24 ml) in a 40 ml vial
while mechanically stirring (800 rpm). To ensure consistency in
time of injection the shot was charged by removing the plunger
of a clamped syringe resulting in a steady flow through the
hypodermic needle. The combined mixture was left stirring to

This journal is © The Royal Society of Chemistry 2021
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allow evaporation of tetrahydrofuran over 2 days at a room
temperature (~21 °C) in a fume cupboard with an average air
velocity of 0.35 m s~ '. Samples were then stored at 4 °C.

Nanoparticle characterisation methods

Dynamic light scattering (DLS). Samples were analysed by
DLS using The Anton Parr Litesizer™ 500 to obtain a Z-average
and size distribution (PDI) and zeta potential of nanoparticle
dispersion. 2 ml of each sample with a concentration between
1.14-1.33 mg ml ™~ (total solids i.e. surfactant, lipid and/or drug
analogue) was measured in standard 3 ml fluorimeter cuvettes
with a pathlength of 10 mm. All measurements were carried out
at 25 °C with a fixed backscattering angle of 175° using
automated setting of a maximum of 60 runs at 10 seconds
per run (ie. time of run approximately 6 minutes). Samples
were done in triplicate. Zeta potential was also measured using
Anton Parr Litesizer™ 500. Samples were diluted using 0.01 M
NaCl solution at a ratio of 1:1 and measured in a Malvern
zetasizer nano series disposable folded capillary cell. All mea-
surements were carried out at 25 °C using automated setting of
a maximum of 1000 processed run.

Differential scanning calorimetry (DSC). Nanoparticle for-
mulations were dried down in a glass vial before weighing out
into Aluminium pans. Performed by a TA DSC25. The freeze-
dried nanoparticle formulations were equilibrated at 10 °C
before heating to 100 °C at a rate of 10 °C per minute. The
bulk samples were heated to 100 °C at a rate of 10 °C per minute
before being cooled back down to 0 °C at a rate of 5 °C per
minute and again heating back up to 100 °C at a rate of 10 °C
per minute. Measurements were carried out in triplicate.

Cryogenic scanning electron microscopy (cryo-SEM). Speci-
mens prepared by freezing a small volume of sample between
two brass rivets, which are plunged into slushed liquid nitro-
gen. Rivets transferred to a brass loading shuttle under liquid
nitrogen and transferred under a nitrogen atmosphere to a
preparation stage cooled to —120 °C. Anti-contaminator in
preparation stage run at —190 °C. Fracture surface created in
frozen specimen by pushing-off the upper rivet from the one
held in the shuttle (using a liquid nitrogen cooled knife).
Fracture surface coated with Pt in the preparation chamber,
to make it conductive and specimen transferred to a cooled
stage in the FIB/SEM (at —160 °C, with an anti-contaminator
held at —190 °C). Specimens photographed using an in-chamber
secondary electron detector Everart Thornley using either 1.5 or
10 keV and a beam current of 15 pA.
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