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Abstract: Nanoparticle (NP) formulations are inherently polydisperse making their structural
characterization complex. It is essential, however, to gain an understanding of the
physico-chemical properties that drive performance in vivo. To elucidate these
properties, drug-containing poly(lactic acid) (PLA)—poly(ethylene glycol) (PEG) block
polymeric NP formulations (or PNPs) were sub-divided into discrete size fractions and
analyzed using a combination of advanced techniques, namely cryogenic transmission
electron microscopy, small-angle neutron and X-ray scattering, nuclear magnetic
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resonance, and hard-energy X-ray photoelectron spectroscopy. Together, these
techniques revealed a uniquely detailed picture of PNP size, surface structure, internal
molecular architecture and the preferred site(s) of incorporation of the hydrophobic
drug, AZD5991, properties which cannot be accessed via conventional
characterization methodologies. PNP size distribution was established important in
determining drug loading, with the presence of the smallest PNPs containing
significantly less drug than their larger sized counterparts, reducing overall drug
loading, while PNP molecular architecture was critical in understanding the nature of in
vitro drug release. The effect of PNP size and structure on drug biodistribution was
determined by administrating selected PNP size fractions to mice, with the smaller
sized NP fractions increasing the total drug-plasma concentration area under the curve
and reducing drug concentrations in liver and spleen, due to greater avoidance of the
reticuloendothelial system. In contrast, administration of unfractionated PNPs,
containing a large population of NPs with extremely low drug load, did not significantly
impact the drug’s pharmacokinetic behaviour - a significant result for nanomedicine
development where a uniform formulation is usually an important driver. We also
demonstrate how, in this study, it is not practicable to validate the bioanalytical
methodology for drug released in vivo due to the NP formulation properties, a process
which is applicable for most small molecule-releasing nanomedicines. In conclusion,
this work details a strategy for determining the effect of formulation variability on in vivo
performance, thereby informing the translation of PNPs, and other NPs, from the
laboratory to the clinic.
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ABSTRACT: Nanoparticle (NP) formulations are inherently polydisperse making their structural characterization complex.
It is essential, however, to gain an understanding of the physico-chemical properties that drive performance in vivo. To eluci-
date these properties, drug-containing poly(lactic acid) (PLA)-poly(ethylene glycol) (PEG) block polymeric NP formulations
(or PNPs) were sub-divided into discrete size fractions and analyzed using a combination of advanced techniques, namely
cryogenic transmission electron microscopy, small-angle neutron and X-ray scattering, nuclear magnetic resonance, and
hard-energy X-ray photoelectron spectroscopy. Together, these techniques revealed a uniquely detailed picture of PNP size,
surface structure, internal molecular architecture and the preferred site(s) of incorporation of the hydrophobic drug,
AZD5991, properties which cannot be accessed via conventional characterization methodologies. PNP size distribution was
established important in determining drug loading, with the presence of the smallest PNPs containing significantly less drug
than their larger sized counterparts, reducing overall drug loading, while PNP molecular architecture was critical in under-
standing the nature of in vitro drug release. The effect of PNP size and structure on drug biodistribution was determined by
administrating selected PNP size fractions to mice, with the smaller sized NP fractions increasing the total drug-plasma con-
centration area under the curve and reducing drug concentrations in liver and spleen, due to greater avoidance of the reticu-
loendothelial system. In contrast, administration of unfractionated PNPs, containing a large population of NPs with extremely
low drug load, did not significantly impact the drug’s pharmacokinetic behaviour - a significant result for nanomedicine de-
velopment where a uniform formulation is usually an important driver. We also demonstrate how, in this study, it is not
practicable to validate the bioanalytical methodology for drug released in vivo due to the NP formulation properties, a process
which is applicable for most small molecule-releasing nanomedicines. In conclusion, this work details a strategy for deter-
mining the effect of formulation variability on in vivo performance, thereby informing the translation of PNPs, and other NPs,
from the laboratory to the clinic.

Over the last few decades, vast numbers of novel nanomed-
icines intended for delivering a range of therapeutic modal-
ities have been described in the scientific literature.! De-
spite this interest, relatively few nanomedicine formula-
tions have progressed to the clinic. To date, only about 50
medical nanomedicine products have been approved by
regulatory bodies in various countries, albeit for a variety of

indications.2# Significantly, clinical studies have demon-
strated that nanoparticles (NPs) can increase drug safety
and/or the accumulation of drugs at the tumor site.> ¢ For
example, polymeric NPs (PNPs) based on poly(lactic acid)
(PLA)-poly(ethylene glycol) (PEG) block copolymers have
been explored both preclinically and clinically and have
been shown to improve the therapeutic index of small-mol-
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ecule drugs.”-10 Although NPs, including PNPs, were devel-
oped for therapeutic application more than 40 years ago,!!
progressing these nanomedicines past the preclinical proof-
of-concept stages and into the clinic requires, amongst
other things, suitable large-scale manufacturing technolo-
gies and advanced analytical characterization methodolo-
gies. The requirement to maintain the batch-to-batch repro-
ducibility of the nanomedicines and to ensure their con-
sistent product performance has frequently resulted in a
bottleneck in the nanomedicine development process.!?

Ensuring reproducible nanomedicine product performance
requires identification and control of selected physical-
chemical properties of the NPs, properties known in the
pharmaceutical industry as critical quality attributes
(CQAs), which are controlled through defined product spec-
ifications. The CQAs of NPs, including PNPs, which are de-
signed to ensure the reproducible and consistent preclinical
performance of the therapeutic pay-load in vivo, include
their size, polydispersity, shape, surface properties, drug
content, drug release profile and drug loading. Due to the
inherent complexities of characterizing NPs, troubleshoot-
ing unexpected results frequently requires in-depth and sci-
entifically challenging investigations, often delaying the
translation of the NPs from preclinical research into clinical
development. Nevertheless, understanding the nature of
the NPs and, in particular, selecting the right drug for the
right target using the right nanomedicine is critical to pro-
gressing the product for clinical application.!?

The U.S. Food and Drug Administration’s (FDA’s) 2022 guid-
ance document for the development of nanomaterial con-
taining drug products!* is centered around the NP’s size (1-
1000 nm) and the criticality of size to the product’s perfor-
mance.’> Amongst other things, the FDA’s CQAs guidance
set expectations for the measurement and control of the av-
erage particle size and size distribution. Dynamic light scat-
tering (DLS) is the primary methodology for determining
the size and polydispersity index (PDI) of a NP formula-
tion.16 Although a PDI (i.e. the distribution of NP sizes with
a formulation) of < 0.2 is commonly deemed as acceptable
for a NP formulation,'” much lower PDIs are achievable for
NP formulations.!® Indeed it is possible to reduce the distri-
bution of a polydisperse NP formulation by size fractiona-
tion.?® Although fractionation generally leads to the loss of
product as well as extra product processing, it can provide
insights into the nature and population of the NPs compris-
ing the product and presents a systematic approach to de-
veloping acceptance criteria for NPs intended for preclinical
studies.

NP size, surface poly(ethylene) glycol (PEG) density and the
rate of drug release are three key NP CQAs affecting the
plasma circulation time and therapeutic index of drug-
loaded NPs. It is widely documented that NP biodistribution
is significantly dependent on size with the smaller NPs ex-
hibiting longer plasma circulation times compared to the
larger NPs which are predominately taken up in the liver
and spleen.20-25 [n addition, the presence of a hydrated outer
PEG shell also increases plasma circulation time by reduc-
ing NP phagocytosis.?6-27 Bertrand et al. have demonstrated
that maximum PNP circulation time can be achieved with a
surface density of > 20 PEG chains per 100 nm.2! The de-
sired release rate of a drug from an NP is dependent on its

pharmacokinetic (PK) properties, the intended therapeutic
use of the drug and any adverse effects that limit the drug’s
therapeutic index.8 25

Drug concentration in plasma is a key performance indica-
tor for drug-loaded NPs, but its measurement is challenging
due to the high concentration of drug encapsulated in the
NP compared with the relatively low concentration of the
drug released into the plasma. Even a small percentage of
drug released from the NP after sampling can result in a
large overestimate of released drug in the plasma. Various
methodologies and approaches have been developed to ac-
curately measure the concentration of released drug,28-3!
but designing verification protocols for these methodolo-
gies requires a tailored approach because the nature and
therapeutic target of each NP formulation are different.

In this work, we produced drug-loaded PLA-PEG block co-
polymer nanoparticles (AZDNPs) via a nanoemulsion pro-
cess, using the modified oil-in-water emulsification solvent
extraction method described by Hrkach et al.3? The drug
used in the present study was AZD5991, a macrocyclic Mcl-
1 specific inhibitor 33-35, The goal of preparing a nanoparti-
cle formulation of AZD5991 was to modify the drug’s phar-
macokinetics properties and to increase its plasma circula-
tion time. The study focuses on the physico-chemical char-
acterization of the NPs and the impact of these properties,
particularly NP polydispersity on biodistribution. A visual
schematic of the work stream and characterization tech-
niques is shown in Figure 1. Using ultracentrifugation, the
bulk 110-nm AZDNPs were fractionated into discrete parti-
cle size ranges which were characterized in-depth. It was
established that the surface PEG density and drug loading
and release rate increased with AZDNP size. Additionally, it
was established that overall drug loading was limited by the
presence of small size fraction PNPs which incorporated
very low levels of drug. Doses of three of the size fractions
(mean size of 85, 110, and 145 nm) were administered to
mice in a PK study which established that smaller sized
AZDNPs increased the area under the plasma drug concen-
tration curve (AUC). Administration to mice of the unfrac-
tionated AZDNPs (mean size of 110 nm) found that the pres-
ence of PNPs with low drug load did not impede reaching
proof of concept for in vivo preclinical studies. Finally, it was
established that validation of the bioanalytical measure-
ments for drug released from AZDNPs in vivo can be se-
verely impacted by the presence of substantial free (unen-
capsulated) drug in the formulation, with scenarios possible
where validation to FDA guidelines may be challenging.
Overall, the work presented here demonstrates the variabil-
ity that can exist within an NP formulation, how the nature
of this variability can be characterized, and how its impact
on in vivo performance can be interrogated when develop-
ing nanomedicines with the goal of clinical development.
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Figure 1. Flow chart of the work performed in this study. Pro-
prietary batches of AZDNPs were prepared by microfluidiza-
tion and tested to preclinical specifications which included size,
polydispersity, drug load, and in vitro release (tso%). AZDNPs
batches were fractionated into discrete sizes using ultracentrif-
ugation and in-depth characterization performed using NMR,
small-angle scattering, cryo-TEM, and HAXPES to determine
NP morphology as a function of NP size (as assessed by dy-
namic light scattering). Three size fractions (85, 110, and 145
nm) and the unfractionated batch of AZDNPs (110 nm) were
administered to mice in a pharmacokinetic study to determine
how AZDNP size affected biodistribution. Administration of the
unfractionated batch (mean size of 110 nm) allowed the effect

of formulation polydispersity on biodistribution to be estab-
lished.

RESULTS AND DISCUSSION
Particle Size Distribution Exhibits an Uneven Drug Load

Two batches of AZDNPs were prepared using either the M-
110F and LM20 microfluidizers (which operate on similar
principles,3® 37 as described in the Methods), denoted in the
text as M-110F AZDNPs and LM20 AZDNPs, respectively.
Both batches met internal preclinical specifications and
were deemed to be comparable in terms of the physical
characteristics described in Table 1.

Table 1. Specification limits and batch data for the (un-
fractionated) AZDNPs prepared using either the M-
110F and LM20 microfluidizers

Specifica- M-110F LM20 re-
Test tion results sults
Mean  particle 50-150 1112 110£2
size by DLS (nm)
DLS polydisper- <0.20 0.18 0.13
sity index (PDI)
Drug load (% >10 140+0.7 15608
w/w)
Unencapsulated <5% 4003 2.6 +0.3
drug (%)
Burst releaser <10% 1.2+0.1 3704
(%)
In vitro release >400 660 £33 470 % 20
(ts0%)® (h)

Note: Error analysis is detailed in the Methods section.

a Burst release is a fast release occurring over the first few
hours. As stated in the Methods, a two-phase curve was needed
to fit the drug release data.

b In vitro release (tsox) refers to the amount of time for the
batch of AZDNPs to release 50% of the encapsulated drug (see
Methods for conditions).

Both batches were further separated into discrete size frac-
tions (as determined by dynamic light scattering (DLS)) us-
ing ultracentrifugation. The fractions produced from the
LM20 instrument had mean diameters of 56, 73, 85,97, 110,
127, 144, and 157 nm. With the exception of the 144 and
157 nm fractions, which exhibited polydispersity indices
(PDIs) of 0.13 and 0.21, respectively, all fractions possessed
PDIs of 0.10 or less (Figure 2).

Nuclear magnetic resonance (NMR) was used to determine
the ratio of the weight of the drug to the combined weight
of the drug and polymer, known as the drug to drug plus
polymer weight ratio (DDPR) for each NP size fraction. The
DDPR was determined by the following equation:

DDPR (% w/w)

_ Weight of drug in .. (mg)

" [Weight of drug in formulation (mg)] + [weight of polymer in formulation (ng)]
x 100




The DDPR is analogous to the formulation drug load, but ig-
nores process impurities such as inorganic impurities, inor-
ganics, solvents and residual water within the NPs. The
DDPR obtained for all particle size fractions obtained from
the LM20 batch are shown in Figure 2. Significantly,
AZDNPs that were greater than 85 nm in diameter exhibited
high drug loads ranging from 20% w/w to 30% w/w,
whereas the smaller AZDNP fractions, with diameters of 56
and 75 nm, exhibited low drug loads of 2% w/w and 11%
w/w, respectively. The results obtained in the present study
fit well with observations made by Huang et al,, who re-
ported that, for polylactide-co-glycolide-PEG core shell
NPs, drugloading capacity increased with NP size.38 Troiano
et al.” and Mares et al.3? have also reported that NPs of ap-
proximately 100 nm size are optimal with respect to drug
loading. It was observed that the DDPR of the 110 nm un-
fractionated batch (PDI=0.13) was lower at 19% w/w than
the 29% w/w obtained for the 110 nm size fraction (PDI =
0.08). Note that the DDPR of the unfractionated batch at
19% w/w was slightly higher than that obtained for the
gravimetrically determined drug load, namely 15.6% w/w
(Table 1), the difference between techniques being a result
of the latter measurement taking into account the presence
of process impurities. The lower drug loading capacity seen
with the unfractionated NPs is undoubtedly a consequence
of the presence of the small NPs that contain little, or in-
deed, no drug.

In Vitro Release Is Dependent on Particle Size

The time taken for 50% of encapsulated drug to be released
from the AZDNPs in vitro (tso%) was determined for a selec-
tion of the AZDNP size fractions prepared from the M-110F
and LM20 batches (Supplementary Information S.1). Figure
2 shows the tsoy curves for a selection of the LM20 AZDNP
size fractions as well as the unfractionated batch. A clear,
nonlinear trend between AZDNP size (as determined by
DLS) and drug release was observed, whereby the smaller
56-nm size AZDNPs released drug significantly faster than
the larger sized AZDNPs. In this context, it is significant that
the release profile of the 110-nm unfractionated batch (tso%
= 470 hours) was very similar to that determined for the
110-nm size fractionated NPs (tsoy% = 500 hours). Similarly,
release studies of the fractionated M110F AZDNP batch
showed that the tsoy of the unfractionated batch was an av-
erage of the tsoy obtained for the different particle size frac-
tions (Supplementary Information S.2). For LM20 AZDNPs,
similar levels (< 2%) of unencapsulated (‘free’) drug were
observed in all size fractions except the two smallest size
fractions, namely 56 and 73 nm, where levels of 21.8% and
4.0%, of free drug were observed, respectively (Figure 2).
The differences observed in the percentage of free drug was
considered, at least partially, to be a consequence of the ul-
tracentrifugation process, because all the size fractions
were expected to yield the same volume of supernatant.

The drug release-time curves (Supplementary Information
S.2) could be well fitted using a two-phase exponential. Alt-
hough the drug release-time curves were dominated by the
slow release of drug, thought to be the consequence of dif-
fusion out of the interior of the NP, with the larger NPs ex-
hibiting slower release, all size fractions exhibited the ini-
tial, fast burst of drug release (Figure 2). While this burst
release accounted for less than 5% of total drug release for

NPs of a larger size than 85 nm, it increased to nearly 17%
when the NPs were 56 nm in size. The fast release of drug
observed is thought to be a consequence of drug encapsu-
lated in the hydrated PEG layer on the exterior of the NP.40
Due to the very low solubility of the drug (< 0.1 mg/mL) in
water, the drug is thought to be located in the relatively de-
hydrated poly(oxyethylene) chain region close to the
PEG/PLA boundary. Indeed, it is well established that hy-
drophobic drugs are well solubilized in concentrated/pure
poly(oxyethylene) glycol*!. As the largest burst effect was
observed for the two smallest size fractions, this suggests
that a greater proportion of the drug was surface-adsorbed
in the smaller AZDNPs (Supplementary Information S.2).

Scattering Techniques and Cryo-TEM Reveal a Core,
Two-Shell Nanoparticle Structure

To understand drug release in vitro it is necessary first to
understand the relationship between the detailed internal
architecture of the NPs and the payload they carry. Small-
angle neutron and X-ray scattering, techniques sensitive to
nuclei and electron density, respectively and cryo-TEM, a
technique sensitive to electron density with sub-nanometer
resolution, were used in combination to determine, not only
the size and shape of the NPs, but also the location of indi-
vidual components by determining the chemical composi-
tion of scattering entities within the NP. Figure 3a shows
the small-angle neutron scattering (SANS) curves for the
various M-110F AZDNP size fractions (prepared using (pro-
tiated) co-polymer and containing (protiated) drug) dis-
persed in D20 to provide the contrast necessary for the neu-
tron experiments. The corresponding SANS data measured
for the unfractionated AZDNPs yielded a relatively feature-
less scattering curve due to the high polydispersity of the
NP formulation (Supplementary Information S.3) which
makes it challenging to unambiguously analyze the details
of internal structure of the unfractionated formulation.

To analyze the SANS data obtained for the various size frac-
tions studied, a model was needed to describe the internal
structure of the AZDNPs. In the present study, the images
obtained for the fractionated NPs using cryo-TEM served as
a starting point for developing an appropriate model to in-
terpret the SANS data. Figure 3b shows representative
cryo-TEM images obtained for the 52, 93, and 138 nm size
fraction AZDNPs. These images show spherical structures
composed of a core surrounded by two-shells. A model to
interpret the SANS data was therefore developed by using
the information provided by the cryo-TEM images and com-
bining it with a knowledge of the structure of the poly(lactic
acid) (PLA)-poly(ethylene glycol) (PEG) block co-polymer.
Specifically, the model assumed that the outer of the two
shells (seen as the lighter-intensity region in Figure 3b)
was composed of hydrated PEG chains, a hypothesis subse-
quently confirmed by proton NMR experiments.#? As PLA is
covalently bonded to PEG, and is more hydrophobic in na-
ture than PEG, the inner of the two shells of the NPs were
considered to be (predominantly) comprised of PLA. Fi-
nally, the core of the AZDNP was considered to be predom-
inantly composed of drug. Using Image], the cryo-TEM im-
ages of the 52, 93 and 138 nm size fractions and the unfrac-
tionated (M-110F) batch were analyzed to measure the di-
ameter of the core of the AZDNPs as well as the thickness of



the AZDNPs used for modelling the SANS data, are shown in
Supplementary Information S.7.

the PLA shell#3 44 (Supplementary Information S.4). The val-
ues thus obtained were used as starting points in the model
built to analyze the SANS data obtained for the LM20 batch.
The value of the neutron SLDs of the various components of
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Figure 2. In vitro drug release-time curves for the unfractionated batch and a selection of AZDNP size fractions prepared using a
LM20 microfluidizer. A dissolution medium of 20% w/v HP-3-CD in 20 mM HEPES at pH 7.4 was used to ensure drug solubility at a
final drug concentration of 10 pg/mL (i.e. sink conditions). Experiments were terminated when all size fractions had released at least
50% of their total drug payload. Unencapsulated (‘free”) drug was removed from the drug release data shown in the Figure as de-
scribed in Methods section. The Table shows the in vitro release data, expressed as the time taken for 50% of encapsulated drug to
be released from the AZDNPs (tso%), the apparent hydrodynamic size (determined by dynamic light scattering, marked *), the ratio
of the weight of the drug to the combined weight of the drug and polymer (DDPR), and the percentage of unencapsulated drug in the

fractionated and unfractionated AZDNPs. Error analysis detailed in Methods section.

In addition to the core, two-shell*> model, two other models
namely an onion*¢ model and a core one-shell model*” were
explored to establish which models gave the best fit to the
SANS data using physically relevant parameters. (A sche-
matic diagram of these two additional models are given in
Supplementary Information S.5. (SASView Models)) The on-
ion model was similar to the core, two-shell model but ex-
ploits a gradient of scattering length density (SLD) across
the outer hydrated PEG shell. Although two shells were
clear from the images produced by the cryo-TEM experi-
ments, for completeness, a core model with one shell was
also investigated.#” Significantly, regardless of the model
used to analyse the SANS data, the 144 and 157 nm size frac-
tion AZDNPs could not be modeled because they contained
particles that were larger than the size of 300 nm that can
be measured by the SANS2d instrument.*® The radius of gy-
ration (Rg) for each size fraction was determined from the
SANS data using the Guinier approximation (Supplemen-
tary Information S.6), although once again the SANS data
obtained for the 144 and 157 nm size fractions could not be
fitted satisfactorily using this methodology. Overall, the best
fit to the SANS data was obtained with the onion model (Fig-
ure 3c) while the poorest fit was obtained with the core
one-shell model, although in this latter case satisfactory fits
to the data were obtained using this model for the 56 and
73 nm size fractions. The parameters used to obtain the best

fit to the SANS data with the onion model are given in Sup-
plementary Information S.5.

Interestingly, because the neutron SLD of PLA is very simi-
lar to that of the drug (1.83 x 10-6 versus 1.87 x 10-6 A-2,
respectively), and assuming that only drug and PLA were
present, it was not anticipated that SANS measurements
made on AZDNs (prepared using protiated co-polymer and
containing protiated drug) dispersed in D20 could be used
to determine the ratio of drug to polymer in either the inner
shell or core. A similar situation was also anticipated when
modelling the X-ray scattering, where the X-ray SLD of PLA
(11.7 x 10-6 A-?), was very similar to that of the drug (11.9
x 10-6 A-2). Fortuitously, however, despite the use of only
one neutron contrast (i.e. protiated AZDNPs in D20) differ-
entiation between the composition of the inner shell, pro-
posed to be composed of PLA, and the core was possible,
thereby giving insight into the internal structure of the
AZDNPs as discussed in more detail under the section,
“Drug Core Volume and Porosity Increases with Particle
Size.”

It is possible to probe the internal structure of the AZDNPs
in more depth using SANS measurements exploiting multi-
ple contrast variation, and then by simultaneously model-
ling the data obtained for the various contrasts. Here, the 97
nm AZDNP size fraction was selected for study using SANS
in combination with contrast variation - in total, four neu-



tron contrasts were investigated, namely AZDNPs dis-
persed in D20 (1), in H20 (2), in 34 vol% D20 in Hz20 (3), and
in 56 vol% D20 in H20 (4). The 34 vol% D20 contrast was
selected because its neutron SLD matches that of PLA and
the drug used in the present study, and thereby allows the
study of the hydrated PEG shell. A fifth contrast, which could
be co-refined with the SANS data, was obtained by perform-
ing a small-angle X-ray scattering (SAXS) experiment on
AZDNPs dispersed in Hz0. Figure 3d shows the resulting
scattering curves and the best fit to the scattering data that
was obtained by simultaneously fitting the five data sets.*?
The parameters used to obtain the best fit to this experi-
mental data are given in Supplementary Information S.5.

Significantly, the model used to fit the five scattering data
sets agreed well with the model used to fit the single con-
trast data (i.e. protiated AZDNP and drug dispersed in D20),
thereby giving confidence in the value of the parameters
used to obtain the best fit to the single contrast data. The
values of the thickness of the outer hydrated PEG shell, the
thickness of the inner PLA shell, and the core diameter of
the core of the AZDNP fractions thus determined were plot-
ted against the size of the AZDNPs obtained from DLS (Fig-
ure 3e). As can be seen, an approximately linear relation-
ship was obtained between both the PLA shell thickness and
core diameter with AZDNP size. It is noteworthy that a sim-
ilar relationship between PLA shell thickness and core di-
ameter with particle size was determined using the cryo-

TEM data (Supplementary Information S.4). No such rela-
tionship was observed between the thickness of the outer
hydrated PEG shell and the size of the AZDNPs in that shell
thickness was invariant for the smaller sized AZDNPs and
increased in size for the larger AZDNPs. One possible expla-
nation for this observation is that the PEG chains underwent
a conformation change upon increasing PEG density for the
larger AZDNP from a mushroom to a brush confirmation.5°
To test this hypothesis, in the present study, the density of
PEG chains present on the AZDNP surface was estimated us-
ing the methodology of Bertrand et al.?! Plotting the density
of the PEG chains against AZDNP size resulted in a linear re-
lationship (Supplementary Information S.9), supporting the
hypothesis that the larger size fraction AZDNPs exhibited a
higher PEG packing density, confirming that the PEG chains
undergo a conformational change with increasing ADNP
size, possibly from mushroom to brush conformations. In
addition, the higher PEG packing density in the larger size
AZDNPs explains why the outer PEG shell was more visible
in the cryo-TEM images of these AZDNPs (Figure 3biii).
Furthermore, the higher density of PEG molecules in the
larger AZNPs will also have an impact on hydrophilic PEG
chain solvation, resulting in exclusion of water at the
PLA/PEG interface and a greater hydration gradient across
the shell region. Indeed, all AZDNP size fractions adhered to
the > 20 PEG/100 nm? criterion identified by Bertrand et
al.2! for maximizing NP circulation in mice.
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Figure 3. (a) Neutron scattering curves (points) obtained for AZDNPs preparing using a LM20 microfluidizer after fractionation and
dialysis in D20 along with the best fit to the data (solid line) obtained using the onion model (Figure 3c). For ease of visualization
offsets (multipliers) were applied to all scattering curves with the exception of that obtained for the 110 nm size fraction; (b) Rep-
resentative cryo-TEM images of AZDNPs (i) 52 nm, (ii), 93 nm and (iii) 138 nm size fractions prepared using a M-110F microfluidizer,
which were used as a starting point for modelling the SANS data; (c) The model proposed from the cryo-TEM and scattering studies;
(d) Scattering curves (points) obtained for the five contrasts measured for the LM20 97 nm size fraction AZDNPs (the SAXS data was
offset by a multiplier of 5) along with the best fit to the data (solid line) obtained using the model in Figure 3c; () Summary of best
fit parameters obtained for the size fractions analyzed by SANS (simultaneous fitting of five contrasts for the 97 nm size fraction,
and a single contrast for all other size fractions); NMR DDPR included for reference. Complete set of best fit parameters is given in
Supplementary Information S.8. Error analysis is detailed in Methods section.



Drug Core Volume and Porosity Increases with Nano-
particle Size

Owing to the similarity of the neutron SLD for the protiated
drug and the PLA region of the block copolymer, it had not
been expected that the SANS measurement would be able to
differentiate between core and the inner PLA shell if only
drug and PLA polymer were present in these regions. When
the scattering data was modeled for the multi-contrast data
for the 97 nm size fraction using with the onion model, the
optimal SLD determined for the core using the 100% D20
was 2.70 x 10-6 A-2 higher than the SLD of either the drug
(1.83 x 10-6 A-2) or the PLA (1.87 x 10-6 A-2). It was only
possible to obtain a SLD of 2.70 x 10-6 A-2 by assuming that
some D20 was also present in the core.

Modelling the single contrast SANS data obtained for all the
other NP size fractions studied also yielded a value for the
SLD of the core that was higher than that of either PLA
and/or the drug. Assuming again that water (D20) was pre-
sent in this region enabled the volume fraction of water in
the core to be determined as a function of the AZDNP size
fraction (Figure 3e). The volume fraction of water (D20) in
the core calculated for the 127 nm size fraction AZDNPs was
surprisingly large, at ~35 vol%, while this value decreased
to virtually O for the 52 nm size fraction AZDNPs. The vari-
ation of the DDPR as a function of AZDNP size fraction is also
plotted in Figure 3e and can be seen to broadly follow the
same trend as the variation in the volume fraction of water
present in the core with AZDNP size fraction. The small size
fraction AZDNPs were observed to contain little drug and a
relatively low level of water, suggesting that the core is pre-
dominantly composed of hydrophobic PLA. However, as the
size fraction of the AZDNPs increased, the water content of
the core increased as does the DDPR of the NPs. The pres-
ence of water in the core was surprising because of the low
affinity of the hydrophobic drug for water. It is therefore
proposed that high percentage of water in the core could be
a consequence of the phase separation of drug and PLA re-
sulting in a porous core, with the pore being filled with wa-
ter. This hypothesis is supported by the approximately lin-
ear relationship observed between the radius of gyration
(Rg) and the apparent hydrodynamic radius (Ru), which sug-
gests an increasing porosity®! with an increase in AZDNP
size and supports the observation of an increased water
content in the core with increasing AZDNP size (Supple-
mentary Information S.10). A porous core would result in
regions of low electron density explaining the white flecks
seen in the core of the cryo-TEM images.

Despite the understanding gained as to the detailed internal
structure of AZDNPs (summarized in Figure 3c) from the
combination of cryo-TEM and scattering techniques, obtain-
ing an understanding of the effect of molecular architecture
on drug release was more complicated due to the existence
of several competing factors. Assuming the slow phase of
drug release was due to the release of drug from the core of
the NPs, an increase in NP diameter would be expected to
increase the diffusion pathlength of the drug leading to a re-
duced release rate. Opposing this is, as suggested by the
cryo-TEM and scattering data, the core becomes more hy-
drated and porous with an increase in size. As a conse-
quence of the presence of pores, an increase in drug release

rate might be anticipated,5253 partially counteracting the ef-
fect of NP size on drug release. Consideration of these two
effects, and noticeably the correlation observed between
NPs size and the slow phase of drug release (Figure 2) leads
to the conclusion that diffusion pathlength dominates the
slow release rate.

Orthogonal HAXPES Data Yields Similar Drug Depth to
SANS

Photoelectron spectroscopy is a surface-sensitive technique
that can be used to probe the top 10 nm of a surface with a
conventional aluminum anode. Using a silver anode with
higher photoelectron energies, we were able to probe ap-
proximately 20 nm into the NP. HAXPES was performed to
probe the polymer shell thickness (i.e. the inner PLA shell
and the outer PEG shell) within the dehydrated 93-nm
AZDNPs (prepared on the M-110F microfluidizer), during
which it was important to be aware of size and potential
morphology changes when carrying out the analysis. Thick-
ness measurements of the polymer shell around the drug
within the AZDNPs were carried out with numerical model-
ing similar to that utilized by Shard>?-5 and others.55 56 For
this work, Ag La HAXPES also had the advantage over stand-
ard X-ray photoelectron spectroscopy (XPS)-based X-ray
sources that it could access atomic core levels that are be-
yond the reach of traditional Al Ka (e.g., the S 1s orbital, as
shown in Supplementary Information S.11). In this case, nu-
merical modeling of the HAXPES data was performed using
drug loads determined from the NMR data, and an assumed
particle diameter based on observed shrinkage of similar
particles under high-vacuum conditions. Significantly,
when the silver anode was used, the AZDNPs remained sta-
ble for several hours under the beam, but using the conven-
tional aluminum source resulted in almost instant beam
damage.

Figure 4 shows the selected core-level photoelectron spec-
tra of the 93 nm size fraction AZDNPs. The assignments,
binding energies, peak widths, and stoichiometries ob-
tained from the 93 nm size fraction AZDNPs are detailed in
Supplementary Information S.11. The polymer shell thick-
ness measured by this method was 4.8 + 1.0 nm for the 93-
nm size fraction AZDNPs. This XPS measurement appears to
be smaller than expected; however, any shrinkage of the
shell material during sample preparation, dehydration, and
introduction to vacuum would reduce the shell thickness
(Supplementary Information S.11). In addition to this, due
to the exponential attenuation of electron signal passing
through an overlayer, thickness calculations performed us-
ing photoemission data will always provide a surface-
weighted estimate of the average position of a buried mate-
rial. With these factors in mind, the estimated polymer shell
thickness for the 93-nm AZDNP size fraction by XPS (4.8
nm) and SANS (estimated at 7.7 nm) can be considered to
give reasonably good agreement, especially considering
that the AZDNPs were in different states (i.e., dry in vacuum
for XPS, as opposed to in solution for SANS) during meas-
urement. (Note: The M-110F AZDNPs were not measured
by SANS, and an estimate was made from the LM20 data and
assumptions regarding PEG dehydration [Supplementary
Information S.11])
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Figure 4. Photoelectron spectra of the 93 nm size fraction
AZDNP. Binding energy, assignments, and homogeneous-
equivalent atomic concentrations are shown in Supplementary
Information S.11.

A Population of Nanoparticles with No Drug Core Low-
ers the Formulation Drug Load

When the cryo-TEM micrographs obtained for the 52 nm
size fractions (Figure 3bi) were examined, in addition to
many core, two-shell AZDNPs being observed, a number of
NPs without any obvious (drug) core were seen, as well as
a number of ‘snake-like’ structures. Interestingly, these
‘snake-like’ structures were not seen in the cryo-TEMs ob-
tained for the 93 and 138 nm size fractions AZDNPs (Fig-
ures 3 bii and biii, respectively), although some NPs with-
out a drug core were clear in both the 93 and 138 nm size
fractions. As a consequence of the presence of the ‘snake-
like’ NPs, the smaller 52 nm size fraction, not surprisingly
exhibited a lower drug loading when compared to the other
two size fractions where no ‘snake-like’ NPs were observa-
ble (Figure 2). Furthermore, the mixed population of NPs
with and without drug cores seen in each of the cryo-TEMs
of three size fractions, explains why the value of the PLA
shell thickness and core radius determined using SANS, av-
eraged over the whole ensemble of NPs and analysed with
the onion model were respectively, higher and lower than
the corresponding values obtained from the cryo-TEM im-
ages, where small numbers of NPs were measured. It should
be noted that the cryo-TEM study was aimed primarily at
identifying particle morphologies and was not intended for
providing statistically significant imaging data. Indeed, in
the present study insufficient NP images were taken to gen-
erate statistically relevant data. To explore whether these
structures are NPs with a low drug-loading, a simple core,
one-shell model was used to fit the SANS data obtained for
the 56 and 73 nm size fractions (parameters used to obtain
the best fit to the SANS data for this and the core, two-shell
model are compared in Supplementary Information S.12). It

is considered that any drug present in the smallest size frac-
tions AZDNPs would be located in the hydrated PEG layer or
at boundary between the PLA-PEG boundaries, and as a
consequence the smaller size fraction NPs exhibit a much
faster drug release. By way of contrast, in the larger size
fractions AZDNPs, most of the drug is thought to reside in
the NP core, in which case the inner PLA shell is thought to
act as a barrier to the release of drug.

The cryo-TEM image of unfractionated (M-110F) AZDNPs
at 75,000 times magnification is shown in Supplementary
Information S.13 (Figure S13). As with the cryo-TEM image
obtained for the 52 nm size fraction, different types of NPs
are observed, with an abundance of snake-like NPs and NPs
without a drug core. This observation is likely to be the rea-
son for the large difference between the DDPR obtained for
the 110 nm size fraction AZDNPs and the unfractionated
110 nm batch (namely 19% as opposed to 29% w/w, re-
spectively). Of note are the relatively comparable PDIs of
0.13 and 0.08 measured for the unfractionated and frac-
tioned AZDNPs, respectively. The impact of the presence of
‘low’ drug loaded NPs on the measured plasma circulation
time of drug in mice, as well as the effect of AZDNP size on
biodistribution, are discussed in the section “Effect of NP
Size on Plasma AUC and Liver and Spleen Concentrations.”

Validation of Bioanalytical Methods Is Sensitive to the
Formulation CQAs: Free (Unencapsulated) Drug Levels
and In Vitro Release

When progressing to the clinic, it is an FDA requirement to
validate the bioanalytical methodology. Validating the
measurement of the total concentration of drug in plasma
or tissue is a relatively simple measurement, similar to tra-
ditional small-molecule bioanalysis, using organic solvent
to crash proteins, rupture NPs, and solubilize the drug.
However, validating the methodology for measuring the
drug that is released from the NPs in the plasma or tissue
and is therefore available to bind with biological target(s) is
extremely challenging and, depending on the formulation
and the dosing regimen, it may not be possible to validate to
the FDA requirements of demonstrating errors no greater
than 15 %. Due to these challenges, it was decided to not
attempt a validation of the methodology and therefore not
to quantify the released measurement. Here, we explain
why. To validate the method, blood is spiked with known
concentration of compound and the NP formulation to cre-
ate a bio-relevant sample and is then taken through the
sample preparation process. Any change in the level of free
drug during the preparation of the analytical sample, would
indicate the sample preparation process induced drug re-
lease from the NPs, and would therefore lead to an overes-
timation of released drug concentration when analyzing a
bioanalytical samples. As some NPs formulations, including
these AZDNPs, tend to contain substantial unencapsulated
drug, it can be difficult to determine, with sufficient accu-
racy whether drug has been released in the sample prepa-
ration process. This is because when spiking the formula-
tion into the blood to determine accuracy and precision, the
unencapsulated drug in the formulation can act as a sub-
stantial background within the biological matrix, when
looking to measure small changes in unencapsulated drug
induced by the sample preparation process. This fact is well
demonstrated using a statistical model to investigate the



feasibility of the bioanalytical validation (Figure 5 and Sup-
plementary Information S.14) and is outlined below. The bi-
oanalytical methodology required for the present study was
particularly challenging due to the low concentration of
drug released in the plasma relative to the amount still re-
tained (encapsulated) in the NP. Indeed, as evidenced in
Figure 5a by modelling the PK data, the ratio of drug re-
leased from the NP compared to that retained (encapsu-
lated) in the NP is greater than 1:1000, meaning that in
blood only 0.1% of the drug is released. Consequently, leak-
age of only 0.1% of NP encapsulated drug after in vivo sam-
pling (either during storage of the sample or due to leakage
during preparation of the analytical sample) translates to a
100% error in the measured ‘released’ drug concentration
(Figure 5b). Ideally, there would be no free drug in the NP
formulation, so that when the blood was spiked with the
formulation and taken through the sample preparation pro-
cess for validation, any measured ‘released’ drug would in-
dicate a problem with the sample preparation. Unfortu-
nately, the relatively high level of free drug in the AZDNP
formulation (~1.9% in the 85 nm size fraction of AZDNPs
(Table 1)) make it extremely challenging to accurately
quantify the degree of drug release induced by the sample
preparation process e.g., an increase from 1.9% to 2.0%
would be an increase of 0.1%, which, as stated above, would
be the equivalent of a 100% overestimate when measuring
the amount of drug released in vivo. In this respect it is of
relevance that FDA guidelines specify a limit of 15% error
for bioanalytical analysis.5” This FDA requirement is exacer-
bated by the inherent variability in any analytical method
(the relative standard deviation [RSD] of six injections of
500 nM drug standard into the LCMS was 10%) (Figure 5c,
5d). As the percent increase of free (unencapsulated) drug
is smaller than the RSD of the analytical method, many rep-
licates are required to achieve an appropriate level of sta-
tistical power. Statistical analysis shows that, to determine
whether any drug release has occurred during sample prep-
aration, 20 sample replicates are required to obtain 80%
power and to determine whether the method is suitable to
detect at least 100% error (Figure 5e, 5f and Supplemen-
tary Information S.14.). This assessment of error accounts
only for sample injection into the LCMS, and not sample
preparation, freeze/thaw cycles, or sample stability, which
may yield further release of drug and generate further er-
ror. The rate of drug release from the NPs also impacts the
ability to validate or accurately measure the drug release in
the blood. For example, if the ratio of released:encapsulated
drugis 1:1000 (as stated above), and the time taken for 50%
of encapsulated drug to be released from the NPs (tsoy%) is
24 hours, after sampling the blood, the scientist has only
two minutes to freeze the sample before 0.1 % has been re-
leased, which is the equivalent to a 100 % error. There are
fundamental barriers to making these measurements in
cases where you are unable to generate suitable bio-rele-
vant standards and QCs for validation purposes and these
principles are applicable to most drug-releasing nanomedi-
cines designed for the delivery of small molecule drugs. An
assessment of the potential for successful validation can be
made based on the in vitro release rate, the PK model, and
the amount of free drug in the formulation, the latter being
the only attribute that the pharmaceutical scientist can con-
trol

Effect of NP Size on Plasma AUC and Liver and Spleen
Concentrations

To determine the plasma and organ concentrations of drug
after administration of AZDNPs as a function of their NP
size, female severe combined immune deficient (SCID) mice
(n =6 per NP size fraction) were injected intravenously with
a single dose of NP size. Specifically, small (85 nm), medium
(110 nm), large (145 nm) size fractions were studied along
with unfractionated (110 nm) AZDNP at a concentration of
10 mg/kg, a dose high enough to ensure that drug concen-
tration could be measured accurately over the period of the
study. Note here that the total amount of drug measured in-
cludes drug both released and still retained (encapsulated)
within the AZDNP. The released drug accounts for both the
drug that is free in plasma and the drug that is bound to
plasma proteins. Live bleeds were performed at 5 minutes
and at 0.5, 4, 24, 48, and 72 hours, and organs were har-
vested at 24 and 144 hours.

Figure 6a shows the concentration of drug in tissues 24 and
144 hours after injection. At 24 hours, the liver concentra-
tion of drug for the 145 nm size fraction AZDNPs was 33%
higher than for the 110 nm size fraction AZDNPs and 85%
higher than for the 85 nm size fraction AZDNPs. At 24 hours,
spleen concentrations of drug for the 145 nm size fraction
AZDNPs were ~115% higher than for the 110 nm size frac-
tion AZDNPs and ~275% higher than for the 85 nm size
fraction AZDNPs. The larger uptake in the organs of the re-
ticuloendothelial system (i.e. liver and spleen) for the larger
AZDNPs resulted in lower concentrations in plasma as evi-
denced by the value of the area under the plasma-time
curve, or the AUC, obtained for the various size fractions
(Figures 6b and 6c), namely the 145 nm size fraction
AZDNPs exhibited an AUC ~ 20% and 40% lower than that
obtained with the 110 nm and 85 nm size fraction AZDNPs,
respectively. This observation may be, at least partially, ac-
counted for by a number of factors. For example, the liver
sinusoids have a diameter of 100-150 nm, which will allow
the smaller AZDNPs to pass through prior to subsequent
hepatocyte exposure.5® Moreover, liver sinusoidal endothe-
lial cells lining the capillaries carry high-affinity endocytosis
receptors which efficiently mediate the uptake of waste
substances and avidly pinocytose colloidal particles of less
than 200 nm. Also, liver-specialized macrophages (Kupffer
cells) have been found to be primarily responsible for the
uptake of particles of greater than 200 nm.>® Lammers et
al.60 and Ouyang et al.? have postulated that dosing a trillion
NPs to mice leads to overwhelming Kupffer cell uptake and
to nonlinearly decreased liver clearance, prolonging NP cir-
culation and increasing NP tumor delivery. In our study, the
145 nm size fraction AZDNP dose was approximately 0.5
trillion NPs, which may account for an efficient liver uptake
of the 145 nm NPs by Kupffer cells. The plasma clearance of
the drug for the 85 nm size fraction AZDNPs was fairly com-
parable to that of the 145 nm size fraction AZDNPs, which is
interesting when considering that the tso, was approxi-
mately 27% greater for the smaller sized AZDNPs. Further-
more, the 85 nm size fraction AZDNP dose consisted of 3.5
trillion NPs, which could lead to liver saturation and a
higher plasma AUC. As shown in Figure 6c, when the mass
balance was determined (based on limited organ analysis),
there was more drug in the body at 24 and 144 hours for the



145 nm size fraction AZDNPs than for the 85 nm size frac- sponding large reduction in DDPR observed (Figure 2). Sur-

tion AZDNPs, yet the plasma AUC was ~ 40% lower, sug- prisingly, the 110 nm size fraction AZDNP was present in
gesting that the smaller AZDNPs were more favorable as elevated concentrations in the ovaries and adrenals com-
slow-release formulations aimed at maximizing plasma pared with the 145 and 85 nm size fraction AZDNPs, the rea-
drug concentration. Based on the results obtained in the son for which is unclear. The accumulation of PNPs in ad-
present study, there would be no benefit in reducing the renals and ovaries has already been reported®2-¢4 and high-
size of the AZDNPs to less than 85 nm, because of the corre- lights the importance of accounting for sex differences in
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Figure 5. (a) Modeled data based on measured total drug and released drug based on the in vitro release tso% (model developed by
Patterson et al.6¢), which estimates a >1:1000 ratio between released and still retained (encapsulated) drug (displayed data and
model are for unfractionated AZDNP). (b) Visual representation of how a small amount of drug release in the sampling pro-
cess/freeze/thaw/sample preparation can significantly influence the measured data. (c) Process for measuring free (unencapsu-
lated) drug in the formulation (described in Methods section). (d) Process for measuring any drug released from the pharmacoki-
netic (PK) samples during solid-phase extraction (described in Methods section). To verify the sample preparation procedure in the
PK samples, the formulation must be spiked into the plasma and the free (unencapsulated) drug recovered. An accurate comparison
of the methods is required, with the requirements the methods should yield almost identical results. Method verification difficulties
are exacerbated by high levels of free drug in the formulation (~1.9%) used to spike biological media. Detecting this small level of
sample leakage (0.1%) in the sample preparation stage needs to be detected with a background of free drug (1.9%) present in the
formulation. Power curves were calculated to determine whether it is possible to determine the difference between such small val-
ues (0.1%) with method variability of 10% and 5% (e, f). The number of replicates required to reach 80% power with a 10% RSD
of injection is too large to be practicably feasible and will still only provide a level of sensitivity able to detect an error of 100% (b).
This is in contrast to FDA guidelines that specify a limit of 15% error for bioanalytical analysis.57 A more detailed analysis is provided
in Supplementary Information S.14.
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Figure 6. (a) Tissue drug concentrations, shown as concentration

(right-hand axis) and initial dose per gram of tissue (%ID/g) (left-

hand axis) for the 145 nm (large), 110 nm (medium), 85 nm (small) and unfractionated 110 nm AZDNPs. Individual data points are
represented by black dots; the bar represents the average of all data points. Data at 24 and 144 hours is shown, except for plasma,
which was 24 and 72 hours (final measured time point for plasma); (b) Corresponding plasma data; A zoomed-in section of the data
and the numerical data for each time point are shown in Supplementary Information S.15; (c) PK parameters. Note that the percent-

age of the initial dose does not take muscle into account.

The percentage of the initial dose per gram of tissue
(%ID/g) was measured at both 24 and 144 hours (Figure
6a). Shalgunov et al.®” have previously reported on the
%ID/g of NPs of ~ 100 nm size prepared using PLA/PEG
with molecular weights of either 16,000 and 5000 in MX-1

tumor-bearing nude mice. In the present study it was found
that spleen and liver concentrations were comparable to
those of the 110 nm size fraction NPs, although the plasma
%ID/g was considerably lower for the corresponding
AZDNPs at (8 cf. ~20 %ID/g).” Bertrand et al.?! determined



the effects of PEG density on liver uptake over a shorter
time period of 6 hours and observed no size dependence
when the PEG density was sufficiently high. In contrast, in
the present study, there was clearly a correlation between
NP size and liver uptake. However, in line with the present
study, Bertrand et al.! did show a dependence upon NP size
in respect to spleen uptake. The difference between our pre-
sent study and the earlier studies by Bertrand et al.2! and
Shalgunov et al.%” is the presence of the hydrophobic drug in
the NPs and, in particular, its presence on the outer hy-
drated PEG shell (Supplementary Information S.2). One pos-
sibility is that the presence of the hydrophobic drug in the
outer hydrated PEG shell results in the rapid uptake, by the
reticuloendothelial system, of the NPs in which the drug is
contained immediately after dosing. As a consequence, it
would be expected that removal of drug from the outer hy-
drated PEG layer prior to administration of the NP would
alter performance in vivo.

The plasma AUC and the spleen and liver concentrations for
the 110 nm unfractionated AZDNPs were similar to those
for the 110 nm size fraction AZDNPs, which implies that the
significant proportion of low-drug-loaded NPs in the un-
fractionated formulation did not affect biodistribution. This
finding suggests that the current study would not have ben-
efitted from further optimization of the drug-polymer NP
formulation by removing the low-drug-loaded NPs to in-
crease the drugload. We have shown that the combined use
of fractionation/separation and multi-technique analysis
can enhance a proof-of-concept study in the early develop-
ment phase, and can enable the widening of specifications
or identify the paramount CQAs (the former, in this case).

To maximize plasma AUC using this drug-polymer system,
one could focus on producing 85 nm size fraction AZDNPs.
Smaller AZDNPs may further increase the plasma AUC, but
at the detriment of drug loading would be significantly re-
duced (Figure 2). However, when comparing the 85 nm size
fraction with the unfractionated batch, the plasma pharma-
cokinetic data were similar, so developing the 110 nm un-
fractionated formulation into a monodisperse 85 nm size
formulation would not have led to a worthwhile improve-
ment in the nanomedicine.

CONCLUSIONS

The current study allowed the correlation between the
CQAs of fractionated hydrophobic drug-loaded PNPs (char-
acterized using a range of advanced analytical techniques)
and their biodistribution. Characterizing a polydisperse NP
formulation is not a simple task. As demonstrated here, it is
highly unlikely that conventional sizing techniques such as
DLS, when used alone would ever be adequate for a full
characterization of a formulation at the preclinical stage be-
cause of the lack of insight it generates into formulation
properties. In contrast, we have demonstrated that NP frac-
tionation/separation and subsequent analysis using a range
of advanced characterization techniques such as SANS and
SAXS, cryo-TEM and HAXPES, while currently not main-
stream tools for the pharmaceutical development of nano-
medicines, can uncover a wealth of insightful data, which
helps understand NP behavior in vivo. In the present study,
particularly noteworthy are size dependent observations

including the accumulation in the adrenal glands and ova-
ries of 110 nm size fraction as well as the porous, hydrated
nature of the NP core.

Significantly the present study has shown a general trend
for the block co-polymer-drug NP system under study in
terms of drug loading and rate of release, and the effect of
increasing PEG packing density with particle size. The
smaller the size of the NPs, the higher the NP dose (in terms
of number), the higher the plasma AUC and the lower the
uptake of drug, and presumably NP, by the RES. Im-
portantly, however, further attempts at controlling the
plasma AUC of this drug-polymer system by removal of low
drug loading NPs would not have yielded significant im-
provements, and dosing the various size fractions in vivo
gave an indication of how the variation in NP size and drug
release rate affected the biodistribution, and negated the
need to develop further formulations.

It is clear that the fractionation/separation of NP combined
with multi-technique analysis enables a more detailed and
data-rich faster assessment of nanomedicine performance
when compared to conventional methodologies. Signifi-
cantly, this combined approach is applicable to a range of
NP types, as supported by a very recent study examining li-
pid NPs, which highlighted the presence of a large percent-
age of empty NPs in their formulation®8. More studies such
as this may identify further nuances in NP formulations and
will aid in the widening of specifications for the clinical de-
velopment of nanomedicines. Identification of CQAs, such as
those described here, as early as possible during the devel-
opment process can defined CQA ranges that ensure safety
and efficacy in vivo. Such an endeavor is essential to guaran-
tee consistent nanomedicine quality and clinical effective-
ness.

METHODS
Nanoparticle Manufacture

Two batches of AZDNPs were manufactured by using an oil-
in-water single-emulsion and solvent evaporation method
at two different scales. The manufacturing process involved
the preparation of an organic and an aqueous phase. The or-
ganic phase was prepared by dissolving 7% w/w of PLA-
PEG 16/5 (DL-50:50) (Evonik, London, UK) and 3% w/w
AZD5991 in 90% w/w dichloromethane (Sigma, Coventry,
UK). For further details of AZD5991 drug substance synthe-
sis, see reference3®. The aqueous phase was prepared by
making a 0.1% w/w sodium dodecyl sulfate solution
(Sigma, Coventry, UK). Coarse emulsions were prepared by
mixing both phases (ratio of 1:5) and homogenizing for 1
minute at 11,000 rpm, using an Ultra-Turrax T25 homoge-
nizer (IKA, Stauffen, Germany). Immediately afterward, the
resultant coarse emulsions were processed by using either
an M-110F (for ~6.4 g scale) or an LM20 microfluidizer (for
~3 gscale) processor (Microfluidics, Newton, MA, USA). The
coarse emulsion was passed through the processor once at
9000 psi (620 bar). The M-110F was equipped with two in-
teraction chambers in series (F20Y 75 um ceramic and
H30Z 200 um ceramic; Microfluidics), whereas the LM20
contained a single Y-type chamber (Diamond 75 pm F12Y;
Microfluidics). Both microfluidizer processors had a cooling



coil immersed in an ice bath during processing. The result-
ing fine emulsions were then transferred to a rotatory evap-
orator (Bosch, Gerlingen, Germany) on an ice bath for 20
minutes to remove dichloromethane and to form the re-
quired NP suspensions. The suspensions were then diluted
at a ratio of 1:5 in 20% cyclodextrin (200 mM HEPES [N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid]) while
being stirred on ice. After approximately 5 min, the diluted
suspensions were transferred to a Tangential Flow Filtra-
tion system (Pall, Port Washington, NY, USA) to purify and
further concentrate the NP suspensions while the mixture
was kept at 5°C in an ice bath. Formulations requiring fur-
ther manipulation were stored at 2-8°C. Formulations for
storage were cryoprotected with 30% w/v sucrose and
stored at -20°C until use.

Fractionation of NPs

Based on the work of Robertson et al.,' the NPs were sepa-
rated into discrete size fractions using a Coulter Optima Max
ultracentrifuge equipped with a TLA-55 rotor (Beckman
Coulter, Brea, CA, USA). A total of 1000 pL of NP suspension
was added to each centrifuge tube, and the NPs were sub-
jected to 45 minutes of centrifugation at 2000 x g. The su-
pernatant was carefully withdrawn from the tube and
added to a new tube, and the remaining pellet was kept on
ice for further manipulation. Approximately 50 pL of super-
natant was left with the pellet to avoid disturbing the pellet.
Subsequent separations were performed at 5000, 10,000,
20,000, 40,000, 60,000, 80,000, and 120,000 x g. All pellets
were resuspended in approximately 200 pL of filtered de-
ionized water and recombined where multiple sample rep-
licates had been taken through the process. Fractions were
either stored in a refrigerator (2-8°C) or cryoprotected
with 30% w/w sucrose and stored at -20 °C. All NP sizes are
expressed in terms of their diameter, and the fractions are
referred to as the DLS-determined mean size. NPs appeared
to be intact after fractionation based on the cryo-TEM im-
ages of NPs before and after fractionation.

Preparation of Pharmacokinetic Samples

Four samples were prepared for pharmacokinetic studies
from the LM20 batch of AZDNPs, including the unfraction-
ated batch. The 145-nm AZDNPs were prepared by combin-
ing the two fractions separated at 2000 x g and 5000 x g.
(Fractions were combined because there was insufficient
sample for the PK study.) For the 110 and 85 nm AZDNPs,
the AZDNPs fractionated at 20,000 x g and 60,000 x g were
used. Samples were subsequently filtered through a 0.45-
um filter for sterility (of a single-dose formulation). All sam-
ples were diluted to 2.0 mg/mL (drug concentration) by us-
ing a saturated sucrose solution filtered through a 0.45-um
filter to a final concentration of 30% w/w sucrose in phos-
phate-buffered saline (PBS) and stored at - 20°C. All NP
sizes are expressed in terms of their diameter, and the PK
samples are referred to as the DLS-determined mean size.

Drug Assay of Fractions and Unencapsulated Drug by
HPLC-UV

A total of 50 pL of each AZDNP size fraction was added to
4.95 mL of 20% 2-hydroxypropyl-B-cyclodextrin (HP-3-CD)
in 20 mM HEPES buffer (pH 7.4), vortexed, and stored at
ambient temperature for 1 hour. A 500-uL aliquot was di-
luted with 500 pL of MeCN:H20 (1:1) and analyzed for total

drug concentration. The remaining mixture (1 mL) was ul-
tracentrifuged at 186,000 x g at 4°C for 45 minutes, and 500
uL of supernatant was diluted with 500 pL of MeCN:H20
(1:1) and analyzed for unencapsulated drug concentration
with reversed-phase high-performance liquid chromatog-
raphy with ultraviolet detection (HPLC-UV) (Supplemen-
tary Information S.16). A = 5% error was estimated for the
method.

In Vitro Release Test

All release experiments were carried out under sink condi-
tions, using sufficient drug to give a final concentration of
10 pg/mL drug in the dissolution medium of 20% w/v HP-
B-CD (required to ensure drug solubility) in 20 mM HEPES
buffer at pH 7.4. A total of 100 pL of each sample for release
testing was diluted with 900 pL of dissolution media and
vortexed before an aliquot (200-500 pL, depending on sam-
ple concentration) was diluted to 30 mL with preheated
(37.1°C) release medium overnight and agitated at 75 rpm
on a Thermo Shaker (Starlab, Brussels, Belgium) at 37.1°C
in a water bath. Aliquots of 1 mL were collected at timed in-
tervals and cooled on ice. Sampling was carried out at 0, 1,
2,4,6,24,30,48, 54, 72, 144, 192, 240, 312, 409, 480, and
576 hours unless sufficient data beyond the NP half-life had
been obtained. A 200-pL aliquot was collected for the deter-
mination of total concentration and diluted with 800 pL of
H20:MeCN (1:1). Released drug was determined directly
from the supernatant of the cooled solution after ultracen-
trifugation at 186,000 x g at 4°C for 45 minutes. Samples
were analyzed by HPLC-UV (Supplementary Information
S.16). Unencapsulated drug was removed from the release
curve data by subtracting it from all released-drug data and
then normalizing the data to encapsulated drug. tso%s were
calculated for the first 200 hours of the release experiment.
After this point, evaporation of the dissolution medium be-
comes significant and impacts the release curve. The release
curve is composed of a quick and slow phase; to fit the drug
release data, a two-phase association was performed by us-
ing Prism version 9.0.0 for Windows (GraphPad Software,
San Diego, CA, USA). The first exponential for the quick
phase was considered as the burst release, as described in
the Results and Discussion section. The experiment was ter-
minated when the AZDNP had released at least 50% of the
drug content. Errors were calculated by using Prism, based
on 95% confidence levels.

Gravimetric Drug Load

Samples of AZDNP (80 uL) were added to 20% HP-3-CD in
20 mM HEPES at pH 7.4 (920 pL) in pre-weighed vials and
ultracentrifuged at 186,000 x g at 4°C. Supernatant was
then removed from the diluted samples before the pellet
was snap-frozen and the resulting sediment was freeze-
dried. The resulting lyophile was weighed in triplicate.
Drug loading (% w/w drug:total solids) was determined by
using the determined amount of drug (mass concentration
x formulation volume used) divided by the pellet mass.
Samples were analyzed in duplicate, and an average was
calculated. A £5% error was estimated for the method.

NMR
AZDNP samples were diluted x20 with deuterated acetone

and sufficiently agitated to ensure that the drug and poly-
mer were completely dissolved. Samples were transferred



to a 5-mm NMR tube. An internal standard was not used be-
cause only the ratio between the polymer and the drug
weights was calculated. Analysis was carried out on an NEO
500 NMR instrument equipped with a TCI CryoProbe
(Bruker, Billerica, MA, USA). Quantitative 'H NMR data were
acquired in duplicate, and an average value was taken. NMR
parameters are outlined in Supplementary Information
S.17. Data acquired with water suppression (using zgpr or
noesyprld pulse sequences) yielded values that were al-
most identical to those obtained with the analysis carried
out without water suppression. The data reported do not in-
clude water suppression. All NMR spectra were acquired
and interpreted with TopSpin software (version 4.0.0;
Bruker) and Mnova NMR Chemist software (version 9.0.0-
12821; Mestrelab, Hereford, UK). Manual-phase correction
and automatic baseline correction was applied to each NMR
spectrum. Manual integration was then conducted on three
separate signals of the drug molecule, averaged, and com-
pared against the two PLA multiplets at 1.43 and 5.08 ppm.
The broad PEG signal (3.59 ppm) was not integrated due to
the proximity of the dominant water signal (3.30 ppm),
which interfered with the integration. The ratio was calcu-
lated in terms of a percentage of the total weight of drug to
the total weight of polymer and drug, without considering
the water content of the NPs or any other residual impuri-
ties of the formulation process. A + 2% error was estimated
for the method.

Dynamic Light Scattering and Zeta Potential

For size measurements, 20 pL. of AZDNP was diluted to 1000
uL with 0.22-pm filtered water in disposable 1.5-mL plastic
cuvettes. All DLS measurements were performed on a
Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK) at
25°C. Approximately 14-16 scans were completed for each
DLS measurement and conducted in triplicate, using DTS
software (version 5.10; Malvern), and the average was cal-
culated. The standard deviation of the three measurements
was used to determine the error. Zeta potential measure-
ments were carried outin 700 pL of folded cells at 25°C. The
applied voltage for an optimal electrophoretic mobility was
determined by using the Malvern software auto function
with phase analysis light scattering (PALS) and M3-PALS
multi-frequency.®?

Cryo-TEM

Samples were prepared at polymer and drug concentra-
tions of approximately 2 mg/mL and dialyzed into PBS, pH
7.4, for 3 days at 4°C with several changes of the dialyzing
bath solution. The grid used to hold the sample was a Quan-
tifoil holey carbon R 1.2/1.3 300 mesh Cu (Agar Scientific,
Stansted, UK). The grids were first discharged with a Pelco
easiGlow system (Ted Pella, Redding, CA, USA) at 0.25 mBar
for 1 minute before blotting with 2 uL of sample. The sample
was quickly blotted and the grid and sample placed in liquid
ethane to flash-freeze the sample and crystallization of wa-
ter. Images were collected with a Titan Krios G2 electron
microscope at 300kV (Thermo Fisher Scientific, Waltham,
MA, USA) equipped with a Falcon 2 direct electron detector
(Thermo Fisher) at a nominal magnification of x75,000 (1
A /pixel), using EPU software (Thermo Fisher) with an elec-
tron fluence of ~50 A2,

SANS and SAXS

Samples of AZDNP were measured for SANS on the Sans2d
beamline at the ISIS Neutron and Muon Source (Rutherford
Appleton Laboratory, Didcot, UK). AZDNPs were prepared
at a concentration of 5 mg/mL (polymer and drug concen-
tration) and dialyzed against 100% D20 PBS over 24 hours,
with five changes of dialyzing solution over 3 days. PBS was
prepared by dissolving PBS powder (PBS, pH 7.4, P3813;
Sigma Aldrich) in D20. For the 97-nm fractionated NPs
(40,000 x g fraction), scattering was determined by meas-
uring a number of D20/H20 contrasts, as shown in Table 3.

Table 3. Series of D20/Hz0 contrasts

D20/H20 con- D20/H:0 ratio Neutron SLD
trasts (%) (10-¢ A-2)
Contrast 1 100 6.39
Contrast 2 56 3.33
Contrast 3 34 1.80
Contrast 4 0 -0.56

Samples of AZDNP were placed in clean, quartz circular cells
of 1- or 2-mm path lengths (depending on the D20 volume
fraction’%), and their SANS was measured at 25 # 0.1°C. The
SANS intensity, 1(Q), of the sample was measured as a func-
tion of the scattering vector, Q = (4m/A) sin(8/2), where 6 is
the scattering angle. The Q range explored was 0.0015-0.5
A1 through a white beam of 1.75-12.5 A and two detectors
positioned at 5 and 12 m from the sample. The I(Q) of the
sample was obtained by subtracting the scattering from the
solvent from the total measured intensity after the correc-
tion of both the sample and the solvent for transmission and
detector efficiencies. Scattering was measured on an abso-
lute scale by using the scattering from a standard sample
(comprising a solid blend of protiated and perdeuterated
polystyrene) in accordance with established procedures.

Small-angle X-ray scattering (SAXS) was used as a fifth “con-
trast.” In X-ray scattering, deuterium and hydrogen have the
same SLD. SAXS measurements were performed on a Nano-
inXider instrument (Xenocs, Sassenage, France) with a mi-
cro-focus sealed-tube, Cu 30 W/30 pm X-ray source (Cu K-
o, A = 1.54 A). The scattered X-rays were detected on a Pila-
tus 3 hybrid photon counting detector (Dectris, Baden, Swit-
zerland) at a distance of 938 mm from the sample stage. In
this configuration, the X-ray instrument covered a Q range
of 0.003-0.360 A 1. Samples were placed in 1-mm glass ca-
pillary tubes and measured at room temperature. Data re-
duction (azimuthal averaging, buffer subtraction, absolute
scaling) was carried out using the Foxtrot software.

The geometrical models that were tested to fit the scatter-
ing data are described in the Results and Discussion section.
For all models and the Guinier approximation, data analysis
including least-squares refinements were performed by us-
ing SasView software.”! The best fits to the SANS data were
assessed first by the value of chi? obtained 7! whilst ensur-
ing that the parameters to obtain this fit are within physical
reasonable ranges. Note that the value of the chi? obtained



depends upon the number of parameters used in the fit. For
a good fit chi?tends to 1.

Hard XPS

XPS analyses were carried out on an AXIS Supra spectrom-
eter (Kratos Analytical, Manchester, UK), using monochro-
matic Al Ka and Ag La photon energies (20 mA, 15 kV). The
instrument work function was calibrated to give a binding
energy of 83.96 eV for the Au 4f7,2 line for metallic gold, and
the spectrometer dispersion was adjusted to give a binding
energy of 932.62 eV for the Cu 2ps,2 line of metallic copper.
Survey scan analyses were carried out with an analysis area
of 300 x 700 um and a pass energy of 160 eV. High-resolu-
tion analyses were carried out with an analysis area of 300
x 700 pm and a pass energy of 40-80 eV. The instrument’s
energy-dependent intensity scale was calibrated by using
methods for Ag La source calibration that were developed
on this same instrument, and average-matrix relative sensi-
tivity factors were used to account for the innate variation
in intensity between different photoelectron peaks.”?

Pharmacokinetic Study
Animals

All animal studies were conducted in accordance with UK
Home Office legislation, the Animal Scientific Procedures
Act of 1986, and the AstraZeneca Global Bioethics policy. All
experimental work is outlined in project license
POEC1FFDF, which has gone through the AstraZeneca ethi-
cal review process. Athymic female nude mice were pur-
chased from Envigo (Indianapolis, IN, USA). All mice
weighed more than 18 g at the time of the first procedure.

Biodistribution of AZDNP

To determine the plasma and organ concentrations of the
different diameter AZDNPs, naive female nude mice (n =6
per size) were injected intravenously with a single dose of
small (85 nm), medium (110 nm), large (145 nm), or unfrac-
tionated (110 nm) AZDNP at a drug concentration of 10
mg/kg. Live bleeds were performed at various time points
after doses were administered for determination of plasma
levels of drug. Briefly, 20 uL of blood was collected from the
tail vein with capillary tubes. Blood was diluted with 80 pL
of PBS and centrifuged at 1917 x g for 5 minutes at 4°C. The
supernatant was collected and stored at -80°C until analy-
sis. Mice were killed via a Schedule 1 method, followed by
secondary confirmation of death. Organs were collected at
two time points (24 and 144 hours after dosing; n = 3 per
size per time point) to compare the drug concentrations in
liver, spleen, adrenal glands, ovaries, and thigh muscle. Tis-
sues were rinsed with PBS, snap-frozen in liquid nitrogen,
and stored at -80°C until analysis.

Plasma Bioanalysis

Each plasma sample (25 pL) was prepared by using an ap-
propriate dilution factor and compared against an 11-point
drug standard calibration curve (1-10,000 nM) prepared in
dimethylsulfoxide and spiked into blank plasma. Acetoni-
trile (Fisher) (100 puL) was added with the internal stand-
ard, followed by centrifugation at 3000 rpm for 10 minutes.
Supernatant (50 uL) was then diluted in 300 pL of water and
analyzed by ultrahigh-performance liquid chromatog-
raphy-tandem mass spectrometry (Supplementary Infor-
mation S.18).

Tissue Bioanalysis

All tissues were weighed into fast preparation tubes con-
taining Lysing Matrix A (MP Biomedicals, Leicestershire,
UK). Water was added at an appropriate dilution ratio as a
base for homogenization (2-10 times w/v). Homogeniza-
tion was carried out in FastPrep-24 5G (MP Biomedicals,
Santa Ana, CA, USA) at 6 m/s for 30 seconds. Each homoge-
nate sample (25 pL) was compared againstan 11-point drug
standard calibration curve (1-10,000 nM) prepared in di-
methylsulfoxide and spiked into blank tissue homogenate.
Samples were then treated as plasma.

Percentage of Initial Dose

Total drug in the organ was determined as %ID/g, as calcu-
lated by Shalgunov et al.67:

[concentration in tissue (ug/g)]

0 =
%1D/g [injected dose (mg/kg)] x [animal weight (g)]

The percentage of the total initial dose was also calculated.
For the weight of the organs, we used the measured values
(spleen, 0.1584 g; liver, 1.330 g; adrenals, 0.0086 g; ovaries,
0.0240 g) with an estimate of the blood volume as 72
mL/kg’3 (average mouse, ~29 g). All organs and plasma
were assumed to have a density of 1.00 g/mL. The total
weight of drug in each compartment was determined by
multiplying the concentration by the organ weight.

Power Curves

Power curves were calculated in R (version 4.0.5), using the
pwr.t.test function in the package pwr (version 1.3-0).74 A
one-tailed test, for which the effect size and standard devi-
ation were required, was used. First, we considered the ef-
fect size. A fraction of the drug molecules are in solution as
unencapsulated drug, and the remainder is present in the
nanoparticles. Because only the drug present in the nano-
particles can contribute to burst events, the effect size of in-
terest is assumed to be the burst fraction (burst) multiplied
by 1 minus the unencapsulated drug fraction. Hence, con-
trol samples have unencapsulated drug levels equal to the
unencapsulated drug, whereas burst samples have an unen-
capsulated drug level + burst (1 - unencapsulated drug).
Standard deviations in each group were calculated by mul-
tiplying these expected means by the RSD. Subsequently, a
pooled standard deviation was calculated (the square root
of the sum of the variances), and the effect size was divided
by the pooled standard deviation to obtain Cohen'’s D. Cal-
culating the power at different burst fractions leads to the
plots where fractions are expressed as percentages.
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