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ABSTRACT
The story starts in Basel at CLINAM in 2013, when I asked Pieter about making nanoparticles and he advised
me to “try this solvent-exchange method we have developed for making limit sized particles”. We are particu-
larly interested in what are “limit size materials” because we want to test the feasibility of an idea: could we
design, make, develop, and test the concept for treating metastatic cancer by, “Putting the Drug in the
Cancer’s Food? “Limit size” is the size of the cancer‘s food, – the common Low Density Lipoprotein, (LDL) ~20
nm diameter. In this contribution to Pieter’s LTAA we focus on the “bottom” (nucleation) and the “up”
(growth) of “bottom-up design” as it applies to homogeneous nucleation of especially, hydrophobic drugs
and the 8 physico-chemical stages and associated parameters that determine the initial size, and any subse-
quent coarsening, of a nanoparticle suspension. We show that, when made by the rapid solvent-exchange
method, the same sized particles can be obtained without phospholipid. Furthermore, the obtained size fol-
lows the predictions of classic nucleation theory when the appropriate values for the parameters (surface
tension and supersaturation) at nucleation are included. Calculations on dissolution time for nanoparticles
reveal that a typical fewmicromolar-solubility, hydrophobic, anti-cancer drug (like Lapatinib, Niclosamide,
Abiraterone, and Fulvestrant) of 500nm diameter would take between 3–7 s to dissolve in an infinite sink like
the blood stream; and a 50nm particle would dissolve in less than a second! And so the nanoparticle design
requires a highly water-insoluble drug, and a tight, encapsulating, impermeable lipid:cholesterol monolayer.
While the “Y” junction can be used to mix an ethanolic solution with anti-solvent, we find that a “no-
junction” can give equally good results. A series of nanoparticles (DiI-fluorescently labeled Triolein-cored and
drug-cored nanoparticles of Orlistat) were then tested in well-characterized cell lines for uptake and efficacy
as well as a PET-imageable nanoparticle in initial PET-imaging studies in animals for EPR uptake and tumor
detection. We show that, while free-drug cannot be optimally administered in vivo, a nanoparticle formula-
tion of orlistat could in principle represent a stable parenteral delivery system. The article ends with a brief
discussion of what we see as the way forward in Individualized Medicine from the Diagnostic-Therapeutic
(“Diapeutic”) side, requiring 18FDG detection of metastatic lesions, functional imaging of a protein target (e.g.
Fatty Acid Synthase) using 11C acetate, then a PET (or other)-imageable nanoparticle to demonstrate EPR
accumulation, and then the administration of the pure-drug nanoparticle taken in by the most aggressive
cancer cells in the perivascular space, as they would their “food”.
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Introduction

This contribution, to celebrate your JDT-Life-time Achievement
Award for 2016, is focused on your “bottom-up approaches” to
making liposomes, and now liquid-cored nanoparticles (NPs), and
what we are now doing with them. It is particularly motivated by
your pioneering work with Zhigaltsev et al. [1] and the ones made
from Triolein and Phospholipid. It will present some of our new
data in a similar rapid solvent-exchange system, – where we
studied a “Y junction”, a “V junction”, and especially a “no
junction” methods, for achieving the exchange to make nanopar-
ticles. Zhigaltsev et al. [1] showed very nicely a correlation
between nanoparticle size and the core-to-lipid ratio (volume to
surface) in TO-lipid systems, and identified a limit-size particle. So

we decided to go one-step back and look at the precipitation of
pure materials, starting with just Triolein. We show here that the
same size of “limit-size” particles can be obtained without
Phospholipid, which brings into question exactly what does “limit
size” mean? Classic theory of nucleation and growth already pre-
dicts a “limit size”, – the critical radius of the initial nucleate at the
activation energy for nucleate formation, so, “does this account for
the observed nanoparticle sizes for pure triolein?” We are currently
in the process of evaluating pure materials as well as lipid-coated
nanoparticles of test materials, PET-imaging agents, and prodrugs
and so we take this opportunity to present here some of our ini-
tial experiments and findings, including: the roles of key parame-
ters that control nanoparticle nucleation and growth;
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measurements of surface tension, saturation and supersaturation
using our signature micropipette techniques; and some prelimin-
ary cancer-cell characterizations and cell-viability data that demon-
strate feasibility. The work is motivated, as we discuss next, by the
endogenous-inspired design of drug-nanoparticles targeting both
passive and receptor-mediated uptake into the endocytic path-
ways of the most aggressive tumor cells. The article concludes
with our evolving and emerging philosophy for “individualized
medicine” motivated by diagnostics and therapeutics, – what my
colleague and collaborator Poul Flemming Høilund Carlsen has
called “Diapeutics”. With diagnostics coming first, this approach
combines molecular diagnostics and functional PET-imaging with
nanoparticle-diagnostics and -therapeutics for an individual with
cancer. Much of this work is as yet unpublished, and so, Pieter, we
look forward to completing these studies inspired by your ground-
breaking work.

“Just use a Y junction”

The story starts in Basel at CLINAM in 2013 [2]. Pieter and I were sat
at a coffee table while the sessions were going on, so that we could
have a quiet chat and catch up. We exchanged, the usual … .,

Haven’t seen you for a while

“Yes, I know, (we’ve) been busy” we both replied.

Subsequent discussion centered on my moving to Denmark
with 35M DKK (6M USD) to spend on whatever research I wanted,
awarded by the Danish National Research Foundation, as my Niels
Bohr Visiting Professorship in Odense, Denmark. I continued to
relate how, we were setting up the world’s most complete micro-
pipette manipulation laboratory, as the Center for Single Particle
Science and Engineering, and were also focusing on a new strat-
egy for anti-cancer drug delivery, especially to metastasis
–attempting to treat cancer by “putting the drug in the cancer’s
food”. The “cancer’s food” is, among other things, the low-density
lipoprotein particle (LDL).

I summarized for Pieter how the idea was simple: (1) make pure-
drug nanoparticles that have the same structure (size, 20–30 nm)
and properties (aqueous-insolubility, �10 nM) as the LDL for i.v.
administration; and (2) rely on the Extravasation Permeation and
Retention (EPR) effect that would seem to be effective, by defin-
ition, for such small particles (maybe not for the larger 100 nm lipo-
somes, – but that’s another story). The challenge then was to make
these 20–30 nm or so nanoparticles. We had already tried solvent-
dissolution methods from solvents like chloroform and had some
success, but Pieter, in his usual calm and laconic style, sat back,
right leg over the left, and simply said… .

Pieter: You should try this solvent-exchange method we have
developed. Basically its ethanol injection that we have been using for
years to make liposomes, its easy. The paper was just published last
year, didn’t you see it? [1].

Me: Guess not.

Pieter: Yeah, You know Carl Hansen, right? We’ve set up a company,
and Carl has done a fantastic job designing and having the
Nanoassemblr built

Me: How much?

Pieter: Yeah, its about 45K, (Canadian). But a Y junction works just as
well. Just use a Y junction; get a HPLC Y junction and a couple of
syringes

Me: Thanks Pieter.

That’s one thing you have got to love about Pieter Cullis, – his
honesty, practicality, loyalty, and desire to help his friends. Pieter

intrinsically knows that being inclusive gets you much further than
being exclusive, – a rare trait in today’s often cut-throat academic
and commercial world. And, if we worked on this problem, it
could only help to sell more devices.

We tried it, and have been, running different samples, charac-
terizing, thinking, interpreting, optimizing the complex process so
easily described on the company video1 as “the simple manufac-
ture of nanoparticles using microfluidics”. It turns out to be not
quite that simple.

Bottom-up design

In pharmaceutics, and liposomes especially, there is a lot of talk
about “design” –“Liposomes: Rational Design” [3], “Designing of
‘Intelligent’ Liposomes” [4], “Ligand-targeted liposome design” [5],
and of course, “Bottom-up Design…” of, so called, limit-size lipid
nanoparticles [1], to name but a few. So, … . “bottom-up”? And,
“design”? First, let’s briefly discuss design and how to do it.

Design

As it happens, we are currently talking about, and teaching, the
process of “design” in pharmaceutics and pharmaceutical research,
and especially how to experience and discover it for oneself.
We are using a traditional materials design scheme to “Reverse
Engineer” the solution to a problem that has already been
solved [6].

Student: “Why would we want to reverse engineer a problem that has
already been solved?”

Me: “Because it was not solved by you, and because we probably know
all the answers, and you can find most of them yourself on Google”

Our learner-centric approach is to try to help show, especially
the young researchers, how to think about a design problem, like
say, a nanoparticle-drug or -agent delivery formulation. In class we
do not lecture-at students, we coach-with students on how to
reverse-engineer problems pharmacists solved, problems engineers
solved and even problems nature solved. For interested readers,
this approach is more fully described in a contribution to one of
Kinam Park’s many edited books [7], taking a particular example
we know something about, – the thermal sensitive liposome [8].
By engaging in this process, you might find for yourself that, by
following our design methodology scheme and reverse engineer-
ing a problem that has already been solved in an area you know
about, or want to know about, it is an invention-generator.
Moreover, it provides you with a rigorous scheme for forward-
engineering your new idea. A problem nature solved, – delivery of
its own very hydrophobic drug, cholesteryl ester, via the LDL, and
how cancer’s endocytose this nanoparticle, is what is motivating
our endogenous-inspired approaches to try to show feasibility for
treating metastatic cancer.

Bottom-up

What we decided to focus on here, though, is the “bottom” and
the “up” part of the phrase “bottom-up design”. That is, bottom
-nucleation, and up -growth. As is well known, nucleation can start
homogeneously or heterogeneously. Here, we will focus on homo-
geneous nucleation and introduce and discuss briefly some of our
emerging ideas as to what it might mean for advanced nanopar-
ticle drug delivery. In the process we hope to lay out a series of

1https://www.precisionnanosystems.com/#animatedModal
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concepts (with some preliminary data) that would be expected to
influence whether nanoparticles that are made of, especially,
hydrophobic drugs (the best kind, but least susceptible to good
delivery) will be limit size, stay limit size and how all this might
influence their end use. If and to what extent they are in fact use-
ful, depends entirely on whether or not you/we produce nanopar-
ticles that clinicians can actually use! Before we get into “What are
limit-size materials anyway?” Let’s look at why we are interested in
“limit-size materials” in the first place.

“Put the drug in the cancer’s food”

We are interested in “limit size materials” because we want to test
the feasibility of an idea: could we design, make, develop and test
the concept for treating metastatic cancer by, “Putting the Drug in
the Cancer’s Food?” It turns out that “limit size” is the size of the
cancer’s food, – the common LDL [9], around 20 nm diameter2.

Many tumors have been shown to up-regulate their LDL recep-
tors (LDLRs). Rapidly growing cancer cells have high numbers of
LDLRs [10], some 4–100� greater than on normal cells. Numerous
malignancies are known to over-express LDLR including brain,
colon, prostate, adrenal, breast, lung, leukemias and kidney
tumors. As a result, cancers are known to take-in more LDL than
normal cells, and in patients with cancer, their LDL count can
even go down! An abundance of LDL receptor is also a prognostic
indicator of metastatic potential, and a propensity to accumulate
and store cholesteryl-ester is a sign of the aggressiveness of a
patient’s cancer [11]. Conversely, as also found by Yue et al. [11],
depletion of cholesteryl ester storage can significantly reduce can-
cer proliferation, impair cancer invasion capability, and suppress
tumor growth in mouse xenograft models with negligible toxicity.
Working for us, but even more worrying for cancer patients would
be the striking observation that exposure to and uptake of LDL-
cholesterol (but not HDL-cholesterol) promotes breast cancer cell’s
proliferation, migration and loss of adhesion, – hallmarks of the
epithelial to mesenchymal transition [12].

There is already a large literature on LDLs and their processing
[9,13–29], and especially their pathology in relation to heart dis-
ease [30]. The idea of using natural LDLs for anti-cancer drug-load-
ing has certainly been considered before [31–33], but progress in
this field has been impeded by the need to isolate LDL from fresh
donor plasma.

So what about an artificial LDL-like particle? Creating artificial
LDL-like particles for anti-cancer drug delivery has also been in
and around the literature since the early 1980s [34–42]. However,
while some encouraging in vitro and preclinical successes have
been shown (and so do motivate our own efforts), much of this
drug delivery work has focused on traditional chemotherapeutics
like paclitaxel [39], and has tried to embed them in a cholesteryl-
ester matrix (–meaning less room for a drug that might not be
that soluble in cholesteryl ester anyway). Also, while there is one
patent [40], the research has seemingly stalled at the bench scale.
It seems that these concepts have not been developed further as
a commercially viable and trial-testable technology. In 2011, I was
reading up on all this literature, and I realized that what was
needed was a simple process to make such nanoparticles of pure-
drug, not preloaded LDLs or synthetic mimetics that already con-
tained cholesteryl esters and so compromised the amount of drug
that could even be loaded into such nanoparticles. But how would
we make it? As usual, Pieter was already working on it, and had
the beginnings of an answer.

Limit size?

As defined in the paper by Zhigaltsev et al.,

Limit size systems are defined as the smallest achievable aggregates
compatible with the packing of the molecular constituents in a defined
and energetically stable structure.

Hmmm, OK, but what energetics? For what molecular constitu-
ents? And in what packing and structure?

They suggested a physical model for limit-size nanoparticles in
which the triolein core is exactly surrounded by a Palimtoyl-
OleylPhosphatidylCholine (POPC) monolayer of just the right mol
ratio. This idea was applied to a POPC/triolein mixture where,
given the molar volume of triolein and the area per molecule of
POPC, a ratio of 60/40 (mol/mol) was expected to result in “limit
size” particles of �20 nm diameter, and it did. We show here
though that the same size particles can be obtained without
phospholipid, and follow the predictions of classic theory of nucle-
ation (bottom) and growth (up), when the appropriate values for
the parameters (surface tension and supersaturation) at nucleation
are included. We are still investigating the function of the
phospholipid and if, and to what extent, its function is to reduce
the surface tension of the initial nucleate, or, if it comes out of
solution later than the Triolein, does it coat the nuclei to prevent
further growth just after nucleation? Interesting questions.

The Zhigaltsev et al. [1] abstract concluded, and we agree, that:

These results establish microfluidic mixing as a powerful and general
approach to access novel LNP systems, with both polar or nonpolar core
structures, in the sub-100 nm size range.

Our caveat would be that microfluidic mixing certainly offers a
powerful new method for the production of novel LNP (Lipid
NanoParticle) systems, but that limit-size NPs, at least for our appli-
cations of targeting cancer via the limited EPR effect, would only
be formed and maintained if nucleation and growth are such that
the NP is in the 20–30 nm range, and there is no further Ostwald-
ripening, coalescence, or aggregation of the formed nanoparticles.
It is here that, in order to use this technique for a range of differ-
ent drugs, the solubilities of those especially hydrophobic core
drugs have to be in the same range (�10 nM) as triolein, and
phospholipids, or as, we are strategizing, cholesteryl-esters. And of
course, the NPs have to be stabilized against such subsequent
coarsening, potential hydrolysis, and uptake by the
ReticuloEndothelial System (RES), by an effective-encapsulating,
and colloidally-repulsive, monolayer. The NP design is evolving.

Nanoparticle stability against dissolution

Before presenting and discussing the classic nucleation theory, its
application to Triolein-cored NPs, and actual data, it is worth taking
a few minutes to just consider even the simplest of concepts, –
how stable, against dissolution, could a given hydrophobic material
micro- or nano-particle be, in infinite dilution or in the presence of an
infinite hydrophobic (lipid membrane) sink? After all, the hydrophobic
drug nanoparticles are supposed to be used in vivo, and circulate
around the blood stream, – a 5 L total volume, comprising, given a
hematocrit of 45%, 2.75 L of aqueous-based solution. They are also
in direct contact with hydrophobic sinks of red blood cells, endo-
thelia and other lipid and protein components of blood.

The hydrophobic sink
If we think about the possible sinks, we can certainly include albu-
min, and LDLs, but these are only present at about 1mM [43]. For2The LDL actually could be more of a discoid shape.
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an adult human male, (who might have prostate cancer) the blood
is in continuous and flowing contact with 100,000 km of arteries,
arterioles, capillaries, venules and veins. There are on the order of
6� 1013 endothelial cells making up this endothelium [44,45]. If
we add this to the number of circulating red blood cells of
2.75� 1013, we are talking �1014 cells per human blood system.
With an area per cell of 1000mm2 per endothelial cell [46] and
140mm2 per RBC [47], and �65 Å2/lipid [48], (two times for each
half of the bilayer and assume half the membrane is occupied by
protein), we have a total concentration of the lipid sink of about
60mM lipid per human vasculature! For a small molecular weight
drug of 500 g/mol, given at a dose of 5mg/kg in an 80 kg human,
that’s equivalent to about 300 mM in the aqueous 2.75 L blood
solution. And so your precious drug, loaded into your liposome-
bilayer, or other nanoparticle, is now in continuous contact with a
500-fold excess lipid sink. If it partitions at even 1mol% into these
membranes – your drug or NP is… . gone.

So, it is fine to be inspired by LDLs that circulate for about two
days, but for a typical adult cancer patient, their blood stream has
had 50 years or more to equilibrate with cholesteryl-oleate, -linole-
ate, cholesterol, phospholipid and triolein. However, it is likely that
they have not been exposed to your precious drug before. As, my
friend and mentor Evan Evans is known to say,

There are only two things you need to know in science: where it is
going? (equilibrium thermodynamics), and how long does it take to get
there? (kinetics)?

So, how fast could the drug dissolve?

Drug-particle dissolution rate
Given then a 500-fold, essentially, infinite sink for the hydrophobic
drug, what are the properties of the drug that might counteract
this transfer? Let’s start with aqueous solubility.

As described in the white paper written in 2011 [49], but never
published (except some of it here), we turn to a model first intro-
duced in 1950 by Epstein and Plesset [50] that was initially devel-
oped to model the dissolution and growth of gas bubbles. The
relationship between diffusion, solubility, concentration and the
radius of the bubble forms the basis of the Epstein–Plesset equa-
tion. We have used it for gas microbubble [51] and shown that it
also works for liquid-in-liquid droplet dissolution [52], and in the
form:

dR
dt

¼ �DCs 1� fð Þ
p

1
R
þ 1ffiffiffiffiffiffiffiffi

pDt
p

� �
(1)

Where, R is the radius of the droplet, q is the density of the drop-
let material, and t is time; D is the diffusion coefficient of the
droplet material, Cs is the saturation concentration of the droplet
material, and f is the saturation fraction for the droplet material,
all in the initial surrounding material, in this case water.

In order to appreciate this model, here is an example of a
chloroform droplet-dissolution experiment we made by using a
newly developed “microdroplet-catching” method developed by
Koji Kinoshita [53]. As shown in Figure 1(A)–(C) two micropipettes
are axially-aligned. The chloroform is in the right hand (RH) pipette
and the left hand (LH) pipette has a small suction pressure, set
such that it does not exceed the chloroform-water interfacial ten-
sion. A single micro-droplet of pure chloroform is formed on the
tip of RH micropipette (t¼ 0). The second LH micropipette catches
it in less than 1 s, and holds it until the chloroform is totally dis-
solved in bulk water over time, t¼ 33s, (D)–(F).

Then, in Figure 2 are plotted the radius change of three indi-
vidual measurements of chloroform droplet-dissolution for three
droplets of initial radius of 18–24 l. By using the Epstein-Plesset
model, and linearizing the equation,

Figure 1. Microdroplet catching method and subsequent dissolution of chloroform micro-droplet. A–C, Microdroplet formation and “microdroplet catching method”:
(A) Two micropipettes are positioned axially aligned; (B) A microdroplet is formed from the right hand pipette (t ¼ 0s); (C) The microdroplet is caught by the left hand
pipette (t ¼ 0.6s). D–F, Microdroplet dissolution: (D) Isolated microdroplet loses CHCl3 (t ¼ 13s); (E) Isolated microdroplet continues to loses CHCl3 (t ¼ 25s); (F) CHCl3
microdroplet entirely dissolved (t ¼ 33s).
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R2o � R2 ¼ 2DCs
q

t (2)

The diffusion coefficient of chloroform in water was determined,
1.12 ± 0.01� 10�5 cm2/s (20 �C). This value is in good agreement
with other published values for the diffusion coefficient for chloro-
form in water at 20 �C of 0.9–1� 10�5 cm2/s [54,55]. Thus, as can
be seen, the theory fits the form of the data very well and pro-
vides an accurate measure of the diffusion coefficient from a rela-
tively simple experiment. The key to its success is that we are
dealing with length scales in the microns that are in the same
range as the diffusion coefficients (microns squared per second),
and so this puts the experimental time in our laboratory-frame of
seconds.

We have tested this equation for known mutual solubility and
diffusion coefficients in the aniline-water, water-aniline system [52]
and found it to be very accurate and representative of the form
and rate of the dissolution process for organics into water, and
water into organics, as also described by Su, for alkanes and alco-
hols in water, [56]. This experiment then, can be carried out for
any liquid-solvent system, and only requires the solubility of the

droplet material to be known in the surrounding solvent, and the
diffusion coefficient can be determined, or vice versa. Beyond dif-
fusion or solubility measurements, this dissolution of solvent
experiment is also quite useful and informative for microglassifica-
tion of proteins and peptides [57,58], micro-crystallization of salts
[59,60], pharmaceutical excipients and APIs where we are using it
now on a regular basis to inform especially drug- and polymer-
microsphere formulations [61–63] and that we are using now in
new industrial collaborations.

Time for dissolution The theory can easily be reduced to give just
the dissolution time, tD, – a more convenient, lab-based, measure
of the time of dissolution of a droplet or particle [51]:

tD ¼ R20
2D

q
Cs

(3)

Where, again, R0 is the initial radius of the droplet, q is the density
of the droplet, D is the diffusion coefficient of the droplet material
in the surrounding medium and Cs is the solubility of the droplet
material in the surrounding medium.

This equation now gives us the ability to compare, on a simple
bar graph as shown in Figure 3, the time for dissolution for

Figure 2. Dissolution of single micro-droplets of chloroform. (A) Plots of radius (R) versus time (t) for several microdroplets of chloroform dissolving in water. Experimental
data (symbols); Epstein Plesset theory (EPSTEIN 1950), (dotted lines); (B) Linearized plot to obtain the diffusion coefficient (D) of chloroform in water from knowing Ro and
R from (A) versus time, the saturation concentration (Cs) of chloroform in water and its density (q).

Figure 3. Dissolution times for a homologous series of alcohols and alkanes as 50lm diameter particles. These materials cover the solubility range from 260mM for
pentanol to 36 nM for decane, compared to four hydrophobic (“brick” drugs with solubilities in the micro-molar range.
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known, estimated (ALOGPS), or measured values of solubilities and
diffusion coefficients, for a range of starting micro-droplet sizes for
homologous series of the common alcohols and alkanes.

50 mM droplets Just to get a sense of the scale of the problem
consider the 50 mm diameter droplets, shown on the bar graph in
Figure 3.

For solubilities in water that go from 260mM for pentanol to
36 nM for decane, the tD (Equation (3), predicts that the dissol-
ution time, in an infinite volume of water, or infinite hydrophobic
sink, for a 50 mm diameter droplet, will take from 17 s (for penta-
nol) to 1.67 yrs (for decane). Under these conditions, the dissol-
ution is never compromised by any build-up of the organic solute
in water or sink that would otherwise produce fractional saturation
and slow and limit the dissolution. If this saturation reaches 100%,
then dissolution would actually stop, as we have shown previously
with the aniline-water system [52]. These simple theoretical num-
bers now give us a place to start planning our experiments, pre-
dicting what might happen to hydrophobic drugs or drug-loaded
nanoparticles and modeling more complex sink environments.

The situation for the orally-dosed anticancer drugs (that are not
working too well and so we would consider reformulating as i.v.-
injectable 50 nm or less nanoparticles), Lapatinib, Niclosamide,
Abiraterone and Fulvestrant is also presented in Figure 3. Using sol-
ubilities from the literature and estimated diffusion coefficients,

this graph confirms the prediction that these drugs, here as much
larger 50 mm diameter particles, with solubilities of 40 mM, 25mM3,
20 mM and 11 mM, respectively, would take 8.5 h, 20.2 h, 12.3 h and
18.2 h to dissolve. Note that these estimates also reflect molecular
size (squared), and density, and that, again, they are for 50 mm
diameter particles, – not a very practical drug delivery system for
parenteral delivery, but maybe interesting for depot injections.

Other Sizes: 50 lm, 5lm, 500 nm and 50 nm Each of these drugs
are now compared as 50 mm, 5 mm, 500 nm and 50 nm particles in
the bar chart in Figure 4.

As shown in the bar chart, we can confirm that while the
50 mm micro-particles dissolve in several hours, the 5mm and
500 nm drug particles would take between 5min and 12min, and
3 s and 7 s, respectively, as single-particles under the same condi-
tions. And, the 50 nm particles would dissolve in less than a
second! Even though considered to be the “bricks” of the pharma-
ceutical industry, nanoparticles of these hydrophobic and poten-
tially very effective (at least cytostatic) anti-cancer drugs, would

Figure 4. Dissolution times for the four “brick” drugs. Dissolution times for Lapatinib, Niclosamide, Abiraterone and Fulvestrant as 50lm, 5lm, 500nm and 50 nm
particles.

Figure 5. Dissolution times for cholesterol and cholesteryl ester – as 50lm, 5lm, 500 nm and 50 nm.

3Niclosamide has varying reported solubilities. It could be up to 25–40mm for
presumably amorphous material [64]. The Pesticide Manual-A World
Compendium. 8th edition, Thornton Heath, UK, The British Crop Protection
Council., or as a hydrated crystal at 2–4mM, [65]. The Pesticide Manual – World
Compendium. 10th ed, Surrey, UK, The British Crop Protection Council.
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dissolve and rapidly partition into the infinite sink for hydrophobic
materials that is the human blood stream.

So, if we wanted to make LDL-like nanoparticles of these drugs
(which we do), we have to answer the question, “How could we
stop them dissolving so quickly, and keep them in the blood
stream longer for targeting?” The answers are also in how nature
designed the LDL. So, let’s now look at the dissolution of pure
cholesterol and cholesteryl ester.

Particle Dissolution: Cholesterol and Cholesteryl Ester Consider now
pure cholesterol and cholesteryl ester as the same series of par-
ticle diameters, dissolving as single particles, in infinite dilution or
infinite sink. The theoretical tD data are presented in Figure 5.

The 50 mm diameter particles of cholesterol and cholesteryl
ester would take 220 days and 2.5 years, respectively, to dissolve
in water or hydrophobic sink at infinite dilution. The intermediate
particles of 5mm would take 2.2 days and 8.9 days, and the
500 nm particles would take 32min and 100min. But it is the
50 nm nano-particle that is the most fascinating. A 50 nm, single
particle of pure cholesterol, in infinite dilution, would be expected
to dissolve in just 19 s. And one of the least soluble of all biologic
materials, cholesteryl-ester, solubility of 10 nM, – 1000 times less-
soluble than those “pharma-bricks”, would take just 77 s.

Thus, if one of the least soluble materials (10 nM) as a 50 nm
nanoparticle, dissolves in 77s in infinite dilution, then a significant
portion, if not all, of our small-molecular weight hydrophobic
drug, that might have a 1000-fold higher solubility in water than
cholesteryl-ester, when introduced into the blood stream, could
be lost to this sink. The sucking sound is deafening as your nano-
particle suspension is injected i.v., and your drug is rapidly parti-
tioned into this huge lipid sink. What chance do you think your
nanoparticle has of delivering its drug to the tumor?

Our precious drug-nanoparticle technology would simply dis-
solve to its saturation limit in the aqueous phase, and may be
completely removed into the sink. This maybe where you want it
for some applications; for example, a blood borne depot that
transfers to endothelial cells (or adipose tissue!) for a bi-phasic
pharmokinetic profile? But, if the goal is to deliver nanoparticles of
drug to the leaky vessels of tumors, and have them taken up by
the most aggressive tumor cells in the perivascular space… ?
Then, this is a problem that has to be solved.

Formulation-fundamentals -composition and
-optimization

So, to move ahead with our design for a pure drug nanoparticle,
we would have to do more than estimate dissolution times and
discover that even the least soluble drugs might not last that
long; their solubility at these sizes of nanoparticles is grossly limit-
ing the pure drug NP design. We would have to stabilize the drug
NP against dissolution. Reverse engineering the LDL further reveals
another essential component that could inspire our nanoparticle
design, – the lipid monolayer coating, or a lipid:cholesterol mono-
layer, to be precise.

POPC could be fine, but DSPC:cholesterol would be better

As we have shown from micropipette measurements on lipid
vesicle bilayers, the most effective way to make a strong,
water-impermeable and (almost-) un-stretchable membrane
is to include the maximum amount of cholesterol, �50mol%
with respect to the host lipid. While POPC has an elastic area
compressibility modulus of a modest 200mN/m, 1:1
DiSteraoylPhosphatidylCholine (DSPC):Cholesterol is over 2000mN/m

greater [66]. As we have discussed many times [67–69], including
recently in a paper with Bagatolli and Needham [70] and now
with Parra [71], our micropipette manipulation studies of GUVs
have characterized the two-molecule thick membrane as a
material that:

� is very soft with a compressibility somewhere between that of
a bulk liquid and a gas;

� is stiffened considerably, by the inclusion of equimolar choles-
terol, to levels equivalent to polyethylene;

� is permeable to water in relation to its compliance;
� can exchange small amounts of other lipids and surfactants

with its surrounding milieu;
� displays a 25% change in area when taken through its main

acyl chain freezing transition; and,
� as a solid material, shows the yield shear and shear viscosity of

a Bingham plastic.

All these properties are now important to our advancing
endogenous-inspired nanoparticle design. When converted to an
equivalent bulk modulus by dividing by the hydrocarbon-thickness
of the membrane (4 nm) this expansivity for POPC becomes
50� 106 N/m2, i.e. 50MPa, – somewhere between that of a liquid
(bulk hydrocarbon¼�1GPa) and a gas (Air¼ 0.1MPa). Thus, the
“ordinary” (POPC) lipid bilayer membrane is incredibly soft and
expandable, and it can only be expanded to a few percent before
it fails in tension. The incorporation of cholesterol is the single
most effective way to increase this resistance to expansion. As
shown by Needham and Nunn [66], and reviewed by Kim and
Needham [72], and recently by Evans [73], when taken to the lim-
its of composition, i.e. 50mol% cholesterol in a bilayer composed
of a long saturated chain phospholipid elastic moduli are now sev-
eral thousand mN/m, and the tensile strength is 40mN/m, equiva-
lent to the compressibility and strength of bulk hydrocarbons and
polyethylene.

These strong and very tight cholesterol-rich lipid bilayers also
resists transport of water across them [74]. In fact, the two proper-
ties of compliance and permeability are inversely proportional and
inextricably linked [75], since they both originate in the strong
bonding between all-trans lipid chains and the flat cholesterol
rings, where, on average, the cholesterol ring structure is believed
to associate with the first 8–10 carbons of the phospholipid acyl
chains. In addition to the all-trans acyl chain-cholesterol ring inter-
actions, Sphingomyelin/cholesterol interactions seem to be
strengthened by additional hydrogen bonding in the head group
region. As reviewed by Bloom et al. [75] the result is that the
highly incompressible bilayer of Bovine Sphingomyelin in a 1:1
ratio with cholesterol (measured to have a KA of 1740mN/m [66])
shows a water permeability that is only 0.3 mm/s, – some 230
times slower than for liquid La phase bilayers, such as DMPC
(KA¼ 144mN/m), that have a water permeability of 69 mm/s.

In fact, Pieter! this is worth mentioning and exploring in a little
more detail, because this effect of cholesterol on lipid membrane
compressibility is probably the basis for one of your crowning
achievements, – the Vincristine Sulfate Liposome Injection (VSLI),
MarqiboVR [76]. Following an initial formulation of liposomal VCR
[77] that used distearoylphosphatidylcholine and cholesterol (a
tight bilayer! – that is also still used in some formulations [78]),
and a pH gradient to load the drug into the liposomes, subse-
quent development [79] optimized its pharmacokinetic properties.
The use of sphingomyelin/cholesterol (SM/Chol) liposomes led to
increased circulation time and enhanced delivery of the drug to
target tissues. According to Drugbank [80], Vincristine has a
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calculated solubility of 36 micromolar and a logP of �3, – its one
of those “bricks”. Measurements of the total vincristine in humans
following IV administration of VSLI at 2.25mg/m2 gave a t1/2 of
7.66 h, – much longer that the free drug, that has a very short and
extensive distribution half-life of �0.2 h, followed by a longer elim-
ination half-life with extensive tissue binding.

Like DSPC:Chol, a bilayer of sphingomyelin and cholesterol is
similarly tight [66] and retains the drug with the required slow
leakage, over an extended period of circulation (matching the cell-
cycle time over which VCR needs to act), providing a “Stealth”
long circulating liposome without PEG-lipids, because the mem-
brane is resistant to opsonization. What a fantastic example of
composition-structure-property relationships that meet both
cheaper processing and improved performance!

So, getting back to our LDL-like nanoparticle, a monolayer of
DSPC:Cholesterol, would improve our design. As would the inclu-
sion of PEG-lipids to additionally resist opsonization, but also to
resist the tendency of nanoparticles to aggregate due to the
higher van der Waals energy (than for liposomes4 [67]) of about
10kT associated with these now drug-cored nanoparticles. And
this is now what we are making and testing, as described in the
section under “Data”.

Nucleation and growth of nanoparticles from the solvent-shifting
method of precipitation
So now we have at least an idea for an NP design inspired by
reverse engineering the LDL, – a pure-drug-cored nanoparticle of
a highly hydrophobic drug, encapsulated in an impermeable, col-
loidally-repulsive, DSPC:Chol:DSPE-PEG2000 monolayer. Before we
discuss details of how we have made it and started to test it, let’s
try to understand this process of making nanoparticles from first

principles using pure Triolein as a test material, and reveal some
of the parameters that we all might consider when making nano-
particles by the solvent-exchange method.

This is exactly what I did upon getting back from Basel in the
summer of 2013, after talking with, and being inspired by, Pieter. I
drew out the scheme in Figure 6 that shows our current series of
working hypotheses underlying the solvent-shifting process and
the production of drug-nanoparticles. It has provided a structure
and guide to our thinking and is the basis for our PhD research
and post doc projects, and our evolving collaborations.

The eight physico-chemical stages and associated parameters,
that would be expected to contribute to the process and so deter-
mine the initial size, and any subsequent coarsening, of the nano-
particle suspension, resulting in a full interpretation of the size
stability data in stage 9, are:

1. Nature of the initial solution of test molecule, drug, and/or
lipids.

2. Turbulent mixing dependent on Re.
3. Degree of mixing under diffusion-limited and turbulent flow.
4. Solubility and Degree of Super-saturation.
5. Nanoparticle nucleation and initial size:

� Influence of degree of super-saturation.
� Influence of concentration and solubility.

6. Collection of nanoparticles: instability (coalescence, aggrega-
tion and ripening).

7. Influence of Surface Monolayer.
8. Solute Mixtures and Phase separation.
9. Influence of all of the above on size and stability of the

nanoparticles.

In the Nanoparticle preparation technology section we will
report on just one of these, – how, for a given Reynolds num-
ber, the initial concentration of Triolein influences the size of
obtained nanoparticles for a pure Triolein-in-ethanol starting
solution. In on-going studies, we are testing the other parame-
ters, including Reynolds number, adding in the lipid, POPC,
and also DSPC:CHOL:DSPE-PEG2000, and observing the

Figure 6. The solvent-shifting method for nanoparticle precipitation. Schematic illustration of the (at least) eight identifiable stages in forming nanoparticles by the
solvent-exchange process that can contribute to the eventual size of nanoparticles of hydrophobic materials and drugs (stage 9).

4Liposomes are thin sheets of the bilayers, where the van der Waals attraction
(0.01 ergs/cm2, or 1� 10�5 J/m2) measured between GUVs is now only
interacting over square nanometers for such small single-bilayer liposomes, and
so is estimated to be on the order of kT. Liposomes would not aggregate due
to van der Waals attraction alone! – and they appear not to do; but
nanoparticles would, and do.
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differences for varying TO:Lipid ratio, which, as expected, are
confirming the Zhigaltsev data [1] carried out in the more
sophisticated device.

In order to predict if, and to what extent, we can even achieve
the initial critical radii and nanoparticle size required to “put the
drug in the cancer’s food”, it is instructive to now discuss the
energetics and what parameters we would need to measure for
this simple test system, as a foundation for eventually carrying out
the same analyses for each drug that we want to formulate.

Energetics of nucleation

The energetics of nucleation is described in many papers on
nucleation and growth. Of note, are papers, especially for hydro-
phobic materials, by Horn and Reiger [81] for organic, carotenoid
nanoparticles, and by Lince et al. [82] for polymers (poly-e-capro-
lactone), and reviewed recently by Thanh et al. [83]. As outlined in
these references, the most important parameters for determining
the critical free energy for precipitation, and therefore the critical
radius of the nucleate from a solvent are the surface tension (c3)
and supersaturation (SS2) to their respective powers, of the precip-
itating material.

Briefly, particle formation starts with nucleation, and, for a
spherical particle (nucleus) of radius r, the surface free energy per
unit area, c, and the free energy per unit volume of bulk crystal,
DGv, combine to give the total free energy as,

DG ¼ 4pr2cþ 4
3
pr3DGv (4)

Since surface energy is always positive and the free energy of
bulk crystal is always negative, the maximum free energy through
which a nucleus will pass to form a stable nucleus is found by dif-
ferentiating DG with respect to r and setting it to zero. This gives
critical free energy DGcrit or the activation energy for nucleation
formation as,

DGcrit ¼ 16pc3

3DG2
v

(5)

Interestingly, the critical radius rcrit, for the nucleus is simply
the negative ratio of the surface tension and the free energy per
unit volume of bulk material

rcrit ¼ � 2c
DGv

(6)

Thus, all things being equal, any reduction in surface tension
will reduce the size of the critical nuclei in a linear fashion with

surface tension. We might expect that phospholipids could reduce
the surface tension of an oil-aqueous interface, and so the inclu-
sion of POPC could have a direct bearing on the size of the nano-
particles created by the solvent shifting technique simply by
reducing surface tension of the forming nucleus compared to the
pure nucleus material alone. To what extent POPC can actually
reduce the tension would depend on the relative solubilities of
Triolein (or drug) and the lipid mixture at the ethanol-water mix-
ture point of their respective supersaturation. We are currently
measuring these tensions and solubilities at the ethanol-water
mixtures for the critical supersaturation using the micropipette
technique.

Thus, as shown in Figure 7, DGs goes as the surface tension
cubed, and DGv goes as its square, to give the activation energy
DGcrit and the critical radius of the nucleate rcrit.

Note: Figure 7 is sketched for a particular set of data to be dis-
cussed later.

The free energy for the bulk crystalline, or liquid, material is
expressed as,

DGv ¼ � kBT ln Sð Þ
Vm

(7)

Where, kB is Boltzman’s constant, T is temperature and Vm is the
molar volume of the precipitating material and S is the degree
of supersaturation. The degree of supersaturation is the supersatur-
ation value (Css) divided by the saturation value (Cs) at the precipi-
tating ethanol-water mixture, S¼Css/Cs.

Hence, rcrit can be re-written as,

rcrit ¼ 2cVm
kBT ln sð Þ (8)

This can now be illustrated for the particular case of Triolein
calculating the corresponding rcrit values by carrying out solvent
exchange in a series of ethanol-water mixtures under conditions
of relatively high Reynolds number, Re and relatively low final con-
centrations in order to ensure the smallest nanoparticles, as pre-
sented and described next.

While we intend to write up and report these studies in
more detail in future publications, these, largely, as yet, unpub-
lished data serve to show some of our new approaches to
application of all this to drug nanoparticles and their testing,
including:

� Micropipette studies measuring surface tensions of the TO-
water-ethanol system, and saturation-supersaturation for water-
immiscible solvents.Pure triolein nanoparticles formed in water
by the “no-junction” method; and our first attempts at measur-
ing cell-viability for a drug, Orlistat, – a drug that inhibits the
Fatty Acid Synthase (FASN) in cancer cells.

� Orlistat was identified by Kridel et al. [84] from an activity-
based screening strategy to identify serine hydrolases in
prostate cancer cells. We are also evaluating another drug
candidate, niclosamide, – a wnt-inhibitor, as a pro-drug that
is modified to optimize its nanoparticle formation and
stability.

Surface tension, solubility and super-saturation limits for to in
ethanol-water
As discussed above, the most important parameters for determin-
ing the critical free energy for precipitation, and thereby the crit-
ical radius of precipitated nanoparticles from a solvent, are the
surface tension (c3) and supersaturation (SS2) of the precipitating
material. Using the micropipette technique we can, and have,

Figure 7. Free energy diagram for nucleation of nanoparticle as a function of its
radius r. Shown is the energy barrier plot (free energy in kBT units), for supersat-
uration value, S¼ 1.4, at 82% ethanol, and the measured surface tension at the
same ethanol concentration ¼4.4mN/m. The critical radius rcrit for these condi-
tions is expected to be 10.0 nm.
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measured the surface tensions of triolein against the whole range
of ethanol-water mixtures [85]. For the water-ethanol system, we
have also measured the point at which nanoparticles form into
solutions of various ethanol-water mixtures, representing their
supersaturation [86]. Then, knowing the surface tension and super-
saturation at the point (exact ethanol-water mixture) at which the
nanoparticles form, we can estimate the critical radius and com-
pare it with Dynamic Light Scattering (DLS) measurements of
actual particles as a function of TO concentration. These data and
estimates will now be described and compared.

Interfacial tension and solubility

Measurement of surface and interfacial tensions is well established
in our laboratory using the micropipette technique. Following the
work at Duke on surfactants and lipids [87,88], we have recently
established those, and new, micropipette methods to measure sur-
face tensions for other surfactants including octanol [53] and SDS
[89], and a series of lung surfactants, including a new synthetic
formulation [90]. Measured surface tension values for Triolein in
ethanol – water binary mixtures are shown in Figure 8(A), and
compared on the same plot with the TO saturation values also
measured by Utoft [85] and calculated from the model of
Yalkowsky and Valvani [91]. This Yalkowski model is a semi-
empirical analysis that enables estimation of the aqueous solubility
of either liquid or crystalline organic nonelectrolytes. Shown in
Figure 8(B) is a video micrograph of the interface between ethanol
and triolein in the tapered micropipette, used to measure the
interfacial tension by applying the Laplace equation to this pipette
pressure P, radius r, tension c, system [85,87].

As can be seen in Figure 8(A), at the limit of pure ethanol, trio-
lein and ethanol are actually immiscible, although with a surface
tension of only 2.5–3.0mN/m. The solubility of TO in ethanol is
30mg/ml, (or 34mM). At the other extreme, TO solubility in water
is �10 nM and the surface tension is 30mN/m. Thus, the solubility
of TO in the pure solvents and their mixtures, changes by a factor
of over a million times as ethanol is exchanged for water. At some
point during the solvent-exchange process the TO reaches a satur-
ation limit, possibly moves into a super-saturation regime where it
is still in solution, and spontaneously precipitates out as nucleates,
that then have the potential to grow, aggregate, coalesce, or
ripen. When made in water, these hydrophobic nanoparticles,
even without any surfactant, remain stable, probably due to a
small surface potential that is not screened in this non-electrolyte,

and also because of the relatively high dilution of the suspension,
reducing collisions. Any increases in size-distribution due to ripen-
ing, according to the diffusion-controlled model for “Ostwald
Ripening”, are also likely to be negligible over the time-scales we
are dealing with because of the extremely low solubility of TO in
the eventual 10% ethanol mixture (Note: in subsequent process-
ing, ethanol is removed via rotovap).

Super-saturation limit of to in ethanol-water

Supersaturation values of triolein were measured by carrying out
solvent-exchange into a series of ethanol-water mixtures and
determining the precipitation point for nanoparticle production.
As described by Walke [86], a simple experiment was designed in
which nanoparticles were formed by the rapid-injection of an
ethanolic-Triolein solution into a 12ml vial containing 9mls of
water, ethanol, or water-ethanol mixtures. An automatic syringe
was used [92], set on its highest needle-exit flow rate of 833 ll/s,
corresponding to a Reynolds number of 2181. Once the approxi-
mate ethanol-water mixture for precipitation was found, a second
series of injections were then done covering more closely, the
range (from 80 v/v% ethanol to 85vv% ethanol) where TO precipi-
tated. This “no-junction” method is described in more detail in the
work of [92], (and later under NanoParticle Formation: “No
Junction”) but the goal of this study was to simply determine the
point at which nanoparticles could be formed as detected by DLS
(with acceptable correlation coefficient), and were stable in the
range of ethanol-water mixtures. This precipitation concentration
of TO was then compared to the predicted Yalkowski solubility for
this ethanol-water mixture.

Shown in Figure 9, is an expanded view of the solubilities of
Triolein presented in Figure 8, (as the region of interest in the red
box) for the 0.50 to 0.65mol fraction of ethanol-in-water. The
Yalkowski model is also plotted to show the saturation boundary
for Triolein concentration in the ethanol-water mixtures. In the
experiment, a series of 1mM, 1ml aliquots, of Triolein in pure
ethanol solution were added using the “no-junction” method, to
individual samples of 9ml of water-ethanol containing decreasing
amounts of ethanol, thereby diluting the added material by a fac-
tor of 10. Each sample was stirred during the addition, and the
resulting mixture was measured for the presence of nanoparticles
and their size immediately after mixing by DLS. As shown in the
plot, at 83.3% ethanol-in-water, for a starting concentration of
0.885mg/ml, (1mM) in ethanol, no nanoparticles were detected

Figure 8. Surface tensions and TO solubility in ethanol-water mixtures. (A) Comparison between the surface tensions (w) of Triolein against ethanol-water mixtures and
the solubilities (�) of Triolein measured gravimetrically, and the calculated values by the Yalkowski model (�). (B) Video micrograph of the interface between ethanol
and triolein in the tapered micropipette, used to measure the interfacial tension. Red box is the region of interest expanded in Figure 9.
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upon the 10-fold dilution, even as the saturation boundary was
crossed. However, nanoparticles were formed at 82% ethanol, and
so, reading off from the right hand Y axis, the Yalkowski-solubility
limit that this corresponds to is 0.066mg/ml TO. Thus, from this
we can obtain an estimate of the degree of supersaturation that
this precipitation corresponded to:

Css
Cs

¼ 0:0885 mg=ml
0:0633 mg=ml

¼ 1:4

It is this value, along with the measured surface tension of
4.4mN/m that is plotted in Figure 7, to predict the critical radius
for nucleation of 10 nm. In the Nanoparticle preparation technology
section, we will compare with the actual size of nanoparticles
made via the “no-junction” method, as a function of TO concentra-
tion in the initial ethanolic solution.

Solvent dissolution, supersaturation and saturation for
precipitation of cholesteryl stearate from chloroform

In addition to the measurement of surface and interfacial tensions
[53,85,89,90], we are developing new micropipette methods that
are also of importance and interest to nano and micro-particle
drug and agent delivery design, characterization, testing and
development. For example, just like we did for lipid bilayers show-
ing the composition-structure-property relationships that help
understand and underlie much of liposome-processing and -per-
formance, we are using newly developed micropipette techniques
to measure: the dissolution of solvents like chloroform, dichloro-
methane and ethyl acetate, that are immiscible with, while still
being sparingly soluble in, water; the saturation and supersatur-
ation of solutes, especially highly hydrophobic materials from
these solvents including cholesteryl stearate and drugs; and the
dissolution of the formed micro-particles as polymers as well as
pure drug particles. Here is just one example for the precipitation
of cholesteryl stearate from chloroform of many that we hope will
be of continuing interest to the drug delivery community.

As presented earlier, (Figures 1 and 2), by simply loading a
micro-pipette with a desired solvent, e.g. chloroform, dichlorome-
thane, or ethyl acetate, and inserting that pipette into an aqueous

filled micro-chamber, a micro-droplet of the liquid can be readily
formed at the end of the pipette and held stationary in infinite
dilution. If the droplet is 10 micrometers in diameter – a volume
of only �0.5pL, then, in a 1ml aqueous micro-chamber, this repre-
sents a dilution of 0.35 ppb and a final concentration, if it all dis-
solves, of only �0.3 nM. And so every micro-droplet or micro-
particle will dissolve, eventually, even if it takes 2.5 years! – see
Figure 4.

As mentioned earlier we have carried out micro-droplet dissol-
ution experiments in several studies involving pure liquids, includ-
ing: aniline-into-water and water-into-aniline [52]; water dissolving
into alkanes and alcohols [56], and ethyl-, butyl- and pentyl-acet-
ate, and their mixtures dissolving into water [93]. Having seen that
we could measure liquid droplet dissolution, it was an easy step
to then include solutes like proteins [58] or salts from aqueous
solution [59,60]. And so now we are exploring dissolution of sol-
vents and the precipitation as microcrystals or amorphous materi-
als, as well as their resolvation and recrystallization. One example
is a series of cholesteryl esters, cholesterol, phospholipids and
other hydrophobic compounds from hydrophobic solutions, all on
the end of the micropipette [94].

Figure 10(A) shows the dissolution of chloroform solvent from
a 10mg/ml cholesteryl stearate solution into the surrounding
aqueous phase (a sub-cmc 5mM sodium dodecyl sulphate solu-
tion), –a process that takes about 18 seconds starting from a 30
micron diameter microdroplet (a–b) to form the cholesteryl stear-
ate microcrystal (c) that represents its critical supersaturation con-
centration. Then, in Figure 10(B), the microcrystal, still held on the
end of the micropipette (d), is brought into the vicinity of a larger
chloroform droplet (d), and into the chloroform-saturated water
that is its stationary layer (e). It immediately starts to take up
chloroform, re-swells and the microcrystal completely dissolves (f)
and so this represents its saturation concentration in chloroform.
Moving the chloroform droplet away and immersing the saturated
solution microdroplet of cholesteryl ester back into a chloroform-
free part of the microchamber (g), the solvent is again lost (h)
and the cholesteryl stearate recrystallizes (i). This crystallization-
recrystallization can be done for such a single microparticle ad
infinitum.

Figure 9. Triolein solubility in ethanol-water binary mixtures. Expanded view of the solubilities of Triolein compared to the Yalkowski model measured for a TO starting
concentration of 0.885mg/ml, (1mM) in ethanol. Shown are the values for the supersaturation concentration $ (Css) corresponding to 82% ethanol, and the saturation
concentration � (Cs) for 83.3% ethanol.
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Knowing the initial concentration of cholesteryl stearate in the
formed microdroplet (10mg/ml), and simply measuring the diam-
eter of the droplets during all these processes, we can now obtain
both geometric (radius versus time) and chemical (concentration
versus time) data and so calculate the respective critical supersat-
uration and saturation concentrations for this particular material
and solvent-water system.

Figure 11, then, shows: (A) the radius versus time ion and (B)
concentration versus time plots for the for the dissolution and
crystallization-recrystallization experiment in Figure 10. The micro-
droplet of cholesteryl stearate in chloroform loses its solvent into
the surrounding water, crystallizes at the 28s time point, and then
is manipulated into close proximity of a larger chloroform droplet
and made to repeatedly, re-dissolve and recrystallize. As shown in
Figure 11(A), the droplet loses chloroform and the size decreases
over a period of 20–30 s. The profile is well fitted by the Epstein-
Plesset model for chloroform droplet dissolution with the same
pure chloroform diffusion coefficient, 1.1� 10�5 cm2/s. At around

28 s, the microdroplet (r �18mm) ceases any further size change
and the cholesteryl stearate crystallizes (red star). Moving the crys-
tal back to a chloroform-saturated environment causes the crystal
to re-dissolve by absorbing chloroform and the micro-droplet
increases in size again, as shown by the solid blue points and the
crystal is completely re-dissolved, (green dashed line). After the re-
swelling, the droplet was again re-crystallized (red star symbols)
by chloroform dissolution. This re-swelling and re-crystallizing was
repeated with the same microsphere showing the same supersat-
uration and saturation points, the values for which can be deter-
mined as shown in Figure 11(B).

Plotted in Figure 11(B) are the corresponding concentration
profiles of cholesteryl stearate during these manipulations. As seen
in the figure, they yield directly the initial critical supersaturation
concentration of Css¼ 563mg/ml, followed by the saturation con-
centration, Cs¼ 315mg/ml, giving the degree of supersaturation
as, S¼Css/Cs¼ 1.8.

So these are the new kinds of studies we can carry out with
the versatile micropipette technique for many compound-solvent
systems, for new and old pharmaceutical formulations of pure
drugs as well as polymer-drug systems. Pieter, give us a call if you
have any new formulations you would like to evaluate, we owe
you one.

Nanoparticle preparation technology

NanoParticle formation: “No Junction”

As most people in the liposome field know, the ethanol-injection
method was first reported in the early 1970s by Batzri and Korn
[95] as one of the first alternatives for the preparation of small uni-
lamellar vesicles (SUVs) without sonication. As described by Dan
Lasic [96], lipid molecules precipitate and form bilayer planar frag-
ments from an ethanolic solution upon immediate dilution of the
ethanol solution into an aqueous phase. This process is now well
established and has in fact been scaled up for volumes from
60mL to 3 L in studies where experimental set-ups with different
scales and injection devices were tested [97] (see also this refer-
ence for a history of the method especially for liposomes).

The solvent-shifting, or liquid anti-solvent (LAS) precipitation
process for production of ultra-fine particles has now been widely

Figure 10. Hitting the limit-size for pure triolein nanoparticles. Average hydro-
dynamic diameter of nanoparticles (nm) made by “no junction” method as a
function of the initial concentration of Triolein in the ethanolic solution (mM).
The dotted line is the predicted limit-size value of 20.0 nm from classic nucleation
theory (see Figure 7), with measured values for CSS of 1.4, and surface tension of
TO-ethanol-water for 82% ethanol of 4.4mN/m. (Note: the Data point in paren-
theses, at 0.05mM TO concentration is reaching the detection limits of the Delsa
Max Pro.)

Figure 11. Microdroplet dissolution of chloroform solvent and precipitation of Cholesteryl Stearate microcrystal. (A) Loss of solvent and crystallization. 10mg/ml
Cholesteryl Stearate/CHCl3 micro-droplet is formed and held in aqueous solution of 5mM SDS at 22 �C. Shown are droplet video images as the chloroform solvent is
being lost at t¼ 10s, 20s and at 28s as the microcrystal suddenly precipitates as a solid microparticle (see Supplemental Data: Video 1). (B) Re-dissolution of Cholesteryl
Stearate microcrystal in chloroform-saturated water as it is held in the stationary layer of a larger chloroform droplet. (C) Re-crystallization of cholesteryl ester after
removal from stationary layer into chloroform free water (see Supplemental Data: Video 2).
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researched, and is applicable for a wide range of materials includ-
ing pharmaceutical ingredients, inorganic compounds, polymers
and proteins [98]. A variety of mixing devices have been devel-
oped to bring the two solutions together in a reproducible and
fluid-controlled manner, including: Confined impinging jet;
T-mixer; Static mixer; multi-inlet vortex mixer; Y-shaped micro-
reactor; and high gravity anti-solvent precipitator. Once Pieter
advised about using the simple “Y” junction, we started working
with this, and also comparing results with a “V” junction. We
hypothesized that using a “V” junction to mix an entraining-flow
of the ethanolic solution under lamellar-flow conditions into the
higher Reynolds number (Re) turbulent flow of the anti-solvent,
might be more reproducible than the “Y” junction, and especially
an impinging “T” junctions. Preliminary data do show that the “V”
junction does give more reproducible results (unpublished, Walke
and Glud) and smaller polydispersity for the formed nano-particles.
But then Hervella decided to explore syringe injection into the
anti-solvent, – a process that has previously not been shown to
provide reproducible data. This “no-junction” method simply con-
sists of an eVolVR XR digitally controlled positive displacement dis-
pensing system. The syringe used was of 1mL capacity, and its
dimensions are as follows:

� Needle length: 50mm
� Outer Diameter: 0.63mm
� Inner Diameter: 0.32mm
� Tip Style: Bevel
� Injection Speed: 833 ll/s

Using this simple automated-flow-rate syringe injection, we
made nanoparticles for PET-imaging [92] that were in the range
we are interested in testing for diagnostics and therapeutics,
�14.5 nm radius, including the 3.5 nm PEG layer, so a 22 nm diam-
eter core. But then, Walke has developed this method further
(including controlled stirring) and has obtained some remarkably
well-controlled and reproducible results.

Figure 12 shows the average hydrodynamic diameter of nano-
particles (nm) made by this “no-junction” method with stirring, as
a function of the initial concentration of Triolein in the ethanolic
solution (mM), – each point is an average of 5 measurements, and
the error bars represent standard deviations. As can be seen in
the linear-log plot, the size of nanoparticles decreases (exponen-
tially) as the initial concentration of TO in ethanol decreases. This
is expected from classic theory regarding the processes of

nucleation and subsequent growth. Following the initial nucleation
at the critical value for supersaturation for a particular concentra-
tion of TO, the supersaturation level of TO decreases, and growth
of the formed nuclei proceeds until the excess concentration of
TO reaches the equilibrium concentration or solubility in that %
ethanol-water mixture. For the series of samples shown, as the ini-
tial TO concentration for each is decreased, the excess TO avail-
able for nuclei growth becomes less and less until we reach the
limit-sized nanoparticle. The measured hydrodynamic diameter of
the formed TO nanoparticles at a final concentration of TO of
0.01mM is 21.3 nm. Below this concentration, the autocorrelation
function becomes unstable and so we are reaching the detection
limit of the instrument for a 0.005mM TO concentration and size
of nanoparticle. Given the vagaries of measuring nanoparticle size
with a dynamic light scattering instrument, and its various modes5,
these results are quite satisfying, if not remarkable.

The dotted line is the predicted limit-size value of 20.0 nm
diameter from classic nucleation theory (from Figure 7), with our
measured values for CSS of 1.4, and surface tension of TO-ethanol-
water for 82% ethanol of 4.4mN/m.

Also, because we know the diameter of the particles and the
initial TO concentration (volume), and because TO is so insoluble,
it is a simple spread-sheet calculation to evaluate the nucleation
density that must have occurred, assuming no further aggregation
of particles or ripening. Interestingly, while the “no-junction”
method per se can certainly make limit-size nanoparticles [92], the
“no-junction-method-with-stirring” [86] is more consistent and
reproducible. It shows a slight increase in nucleation density that
accompanies the lower concentrations, which also have a slightly
higher critical supersaturation than the higher TO concentrations.
This is not too surprising, since, as pointed out Lince [82],

It is important to remind the reader that fluid dynamics and mixing
determine the local super-saturation value, and because the process is
very fast, they also influence the local nucleation rate. Poor mixing
results in low nucleation rates producing a few big particles, whereas
good mixing conditions result in high nucleation rates, or in other
words in a larger population of smaller particles

Clearly, this is a very rich system for study, and requires careful
reduction and reconstitution of individual components since many

Figure 12. Dissolution, redissolution and recrystallization of cholesteryl stearate microcrystal. (A) Radius versus time for dissolution of the droplet, crystallization, and
then repeated, re-dissolution and recrystallization of cholesteryl ester. (B) Concentration of Cholesteryl Stearate in the chloroform microdroplet versus time for the same
experiment showing the initial critical supersaturation value Css of 563mg/ml, and the saturation Cs value upon complete redissolution in chloroform. Again repeated
giving a critical supersaturation of 1.8.

5For our DLS (Delsamax Pro, Beckman Coulter) we have two modes: cumulant
fit and regularization fit, and the diameter we are reporting is determined from
the cumulant fit of the autocorrelation function, which is based on the intensity
distribution.
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of the process- and compositional-parameters are interdependent
in often-complex ways.

We are continuing with these studies, measuring similar sizes
for TO precipitation in the presence of phospholipids, both the
test-lipid as used by Zhigaltsev et al., of POPC, and our preferred
tight and colloidally-repulsive monolayer of DSPC:Chol: DSPE-
PEG2000. Initial indications are that the presence of the phospho-
lipid does reduce the size even further. Similar measurements on
the supersaturation of the lipid component alone shows that it is
actually more soluble than TO in ethanol-water, and so suggest
that the TO precipitates in an ethanol-water mixture in which the
lipid is still in solution. This suggests that the reduction in nano-
particle size, now taking into account the monolayer of POPC lipid
of 3 nm (�6 nm subtracted from the measured hydrodynamic
diameter) could be associated with a reduction in surface tension
at nucleation. Alternatively, the lipid, still in ethanolic solution,
could be forming a monolayer that limits growth of the nuclei, – a
kind of kinetic trap. We are currently measuring these surface ten-
sions using the micropipette technique, and will report on these
findings soon [86].

Cell studies

Having made a series of nanoparticles, we are also now testing
them in well-characterized cell lines for uptake and efficacy as well
as some initial PET-imaging studies in animals for EPR uptake and
tumor detection. Briefly, as shown in Figure 13(A), these nanopar-
ticles now include:

1. a DiI-fluorescently labeled Triolein-cored nanoparticle that can
also be labeled with lipid-anchored PEG-folate or the LDLR-
peptide. We are using this test nanoparticle for in vitro live-

cell imaging, cell-pathway, and in vivo tumor accumulation in
window chamber experiments similar to the ones we have
already carried out for liposomes [99,100];

2. a PET-imageable nanoparticle containing copper chelated by
an octa-eythyl porphyrin for retention, again in a triolein
nanoparticle [92], currently being used with Cobalt for in vivo
assessment of the EPR effect [101] and therapeutic evaluation;

3. drug-cored nanoparticles of hydrophobic drugs like Orlistat
[102,103] (water solubility 180nM) and other drugs like niclo-
samide [104] that we are currently testing as alkyl esters with
even lower solubility, more closely matching the endogenous-
inspiration of cholesteryl ester.

As also shown in Figure 13(B), it is possible, even using the
“no-junction” method [92], to make the sizes of these nano-
particles at a diameter of 26 nm, that, when the PEG2000 layer
thickness of 3.5 nm [105] (for each side) is subtracted from the
total diameter, very closely matches our own measurements of
the natural LDL.

Cell viability: orlistat nanoparticles

Finally in this data section, we will just report on one system
where non-targeted, Orlistat nanoparticles have been used to
demonstrate efficacy in a series of characterized normal and
cancer cell lines [102,106]. We know from preliminary live-cell
imaging and Fluorescence Activated Cell Sorter (FACS) analyses
(Korzeniowska unpublished data) that while LDLs are taken up
readily through the clathrin-dependent pathway in a matter of
30min, even non-targeted, PEGylated NPs are also taken up into
the presumably non-clathrin dependent, endosome-lysozome
pathway. This is evidenced by their co-localization with lysotracker
green, (labeling the lysozomes) over a period of 4 h, albeit to a

Figure 13. (A) Series of nanoparticles we have made and are now studying for in vitro cell uptake, efficacy and that are ready for in vivo assessment of the EPR effect
and therapeutic evaluation. (B) DLS measurements of the LDL and our standard test-particle made by the “no-junction” method.
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lesser extent than for LDLs. And so we wondered if even (non-tar-
geted) stealthy nanoparticles of drug could be taken up and show
efficacy.

One of the main observations that motivated this Orlistat study
was that metabolic abnormalities, especially dysregulation of fatty
acid (FA) metabolism, are a hallmark of most cancers. In contrast
to normal cells, in order to meet the demand of rapid cellular pro-
liferation cancer cells can utilize de novo synthesized Fatty Acids,
which are esterified predominantly into phospholipids and incor-
porated into the cellular membrane [107–110]. Targeting of Fatty
Acid Synthase Enzyme (FASN) metabolism by pharmacological
agents may provide a strategy for selective elimination of cancer
cells and thereby for cancer treatment. One of the well-known
FASN inhibitor is Orlistat [84,111]. Therefore, the aim of this study
was to test the efficacy of Orlistat as a free drug dissolved in
DMSO and as a pre-prepared nanoparticles in breast cancer and
non-tumorigenic normal breast epithelial cells as well as in breast
cancer stem cells (BCSCs) and also to further characterize the rele-
vance of FASN in these cells.

We therefore quantified the FASN mRNA and FASN protein
expression levels in a panel of cancer cells and non-tumorigenic
normal breast epithelial cell lines [102,103], measured the FASN
enzymatic activity in a smaller selection of adherently-grown
breast cancer cells and a non-tumorigenic normal breast epithelial
cell line; and evaluated the efficacy of Orlistat-dissolved in DMSO
and as non-targeted Orlistat-nanoparticles in the selected adher-
ently grown normal and breast cancer cells [102,112].

Briefly, as shown in Figure 14(A) there is a direct correlation
between relative FASN protein levels and relative FASN enzyme
activity for a series of four cancer cell lines. This has been
observed before for other cell lines [113]. When tested for cell via-
bility, Figure 14(B) shows that, relative FASN enzyme activity corre-
lates with cell viability as IC50 when cells are exposed to Orlistat
nanoparticles that are stable in size in the range of 38–45 nm.
Similar results were obtained for free drug administered of pure
Orlistat added to the cells in DMSO (data not shown).

In agreement with previous measures for free orlistat [84,113],
the IC50 values are fairly high in the 20–60 micromolar range com-
pared to other anti-cancer drugs, but serve to show the correl-
ation between the functional level of a target (FASN) and the
efficacy of a drug (Orlistat). When administered in vivo in recent
animal studies [113], Orlistat (240mg/kg/day, dissolved in 33ml of
ethanol, and diluted with 66ml of saline) was simply injected i.p.
daily for two weeks with the objective of treating subcutaneously
injected cancer cells into mouse right shoulder with matrigel.
Thus, the critical result here is that while free drug cannot be

optimally administered in vivo, the nanoparticle formulation could,
in principle, represent a stable parenteral delivery system.

Individualized medicine

So what could all this mean for advanced drug delivery of anti-
cancer hydrophobic drugs, especially given the last section on
Orlistat and a target of varying functional significance?

All of our drug choices have been motivated in direct conversa-
tions with local clinicians (mainly at Duke University). These clini-
cians are either treating patients with approved drugs, or carrying
out, or have carried out, clinical studies on drugs for pharmaceut-
ical companies. When these drugs, in their current, mainly, oral
tablet formulations, do not show the hoped-for efficacy in their
patients or subjects, they came to us and asked,

Can you help reformulate, … . Lapatinib, Fulvestrant, Abiraterone,
Niclosamide, Orlistat… .?

When we looked at these drugs, as shown in Figure 4, they are
all relatively insoluble having water solubilities in the micromolar
range, and logPs of 4–7. But, as we have shown [86,104,114], these
are not insoluble enough for nanoparticle formulation due to rip-
ening and crystallization. So, counter to most oral formulations
where efforts are focused on making drugs more water soluble for
absorption6 [49], for our i.v. administration of nanoparticle drugs,
we want, “The more hydrophobic the better”.

So, to finish off this update, let’s consider the way imaging and
drug nanoparticles could be integrated into today’s already-occur-
ring Personalized- or Individualized-Medicine approach, and then
how it might meet the vision Pieter laid out in his excellent book
“The Personalized Medicine Revolution” [115], “–medicine based
on the unique molecular makeup of our individual selves and a
molecular level understanding of whatever disorder we may have”.
Finding the genetic basis for predicting and detecting disease well
before it becomes life threatening, and to know the medicines
that work for a certain person and for their unique body, is clearly,
as Pieter says, one of the biggest revolutions of our time, perhaps
of all time… ., but then what? As Pieter well knows, and has spent
an illustrious career leading this, we still need to deliver the drug
(maybe as a nanoparticle), and know that the nanoparticle can in
fact get to that particular person’s metastatic tumor, to the peri-
vascular space of the tumor tissue, and be taken in by the most
aggressive stem cells and or progenitors that could be in that

Figure 14. Correlation between the FASN enzymatic activity, protein levels and Orlistat-NP IC50. (A) Enzymatic activity versus protein levels. Relative Fatty Acid
Synthase (FAS) protein levels correlate with Relative FASN enzyme activity. (B) Orlistat-NP IC50 versus enzymatic activity. Relative FASN enzyme activity compared to cell
viability as IC50 for Orlistat nanoparticles.

6hydrophobic drugs could still work orally if entry from the gut into lymphatics
is optimized, by using say a “fat-chaser”, which is probably how Lapatinib etc,
get into the blood stream in the first place!
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space ready to colonize further or even re-metastasize. So here’s
how we are planning to bring all this together, at least from the
diagnostic and therapeutic side, –for nanoparticles, that could
eventually meet the “molecular makeup revolution”, somewhere in
the middle.

Today’s personalized medicine

Yes, personalized medicine is already going on. Every patient
already gets a work up from an individual perspective, and we
feel that it is important for drug delivery people to have some
knowledge of this process, because it is this process into which
your DDS could be incorporated.

Again, talking with clinicians (and this is something I would
highly recommend my drug delivery colleagues to do), we had a
discussion with a lung-cancer surgeon and a pathologist. Taking
lung-cancer as an example, here is what they had to say about
what they already do.

Inclusion and initial diagnosis
A patient is included in the cancer treatment program referred by
a general practitioner or from another hospital department for
suspicion of lung cancer. They get an x-ray/CT-scan. Cells or tissue
are taken from the primary tumor in the lung or from metastasis
in mediastinal lymph nodes, liver, bones… any place most easily
accessible. Immunostaining allows an initial diagnosis to be made
of tumor-type. For adenocarcinoma, there are additional investiga-
tion for mutations of EML4-ALK7 and EGFR8.

TNM classification
Then, a TNM classification is carried out to provide information
about the mediastinal lymph nodes or other sites suspected for
metastasis. TNM9 is developed and maintained by the Union for
International Cancer Control (UICC) to achieve consensus on one
globally recognized standard for classifying the extent (staging) of
spread of cancer, giving codes to describe the stage of a person’s
cancer, when this originates with a solid tumor. In case of possible
operation, tests are carried out for lung function.

Multidisciplinary team (MDT) conference
Then comes the Multi-Disciplinary Team (MDT) conference where
several interested and involved parties come together and discuss
the individual patient case and make recommendations. A deci-
sion of “treatment” or “no-treatment”, is made by all the doctors
who have a special interest in lung cancer (pulmonary medicine,
thoracic surgery, oncology, pathology, radiology and nuclear
medicine).

Treatment options include:

� Surgery
� Radiotherapy
� Chemotherapy
� Targeted therapy (EGFR or EML4-ALK mutation)
� Combination of all modalities

If the decision is made for treatment to be pursued, a disease-
control program is instigated with regular CT- or PET-scans. If
relapse occurs or is suspected, a second MDT conference is again
carried out for discussion and, if possible, a new biopsy is taken
for confirmation.

It is then within this already well-structured Individualized
Medicine-Surgery-Radiation, or “no treatment” options, that your
nanoparticle drug delivery system would be considered. So what
would we add to this? What new tools could we bring to the
Multi-Disciplinary Team (MDT) conference to help make their deci-
sions and enhance their options?

An integrated, individualized medicine approach based on
“diapeutics10” (dia-gnostics and thera-peutics)

Finally then, with our collaborators at the Odense University
Hospital (OUH) and the Institute for Molecular Medicine (IMM), we
suggest how today’s tumor detection using PET-imaging could be
combined with nanoparticles as both diagnostic and therapeutic
agents. Here, Orlistat is an interesting and good example because
there is a functional imaging agent (11C acetate) that will bind to
FASN that could, in principle, detect the functional significance of
the drug’s target.

As we presented above, (Figure 14) and was also noted by
Yoshii et al. [113], in vitro data have demonstrated that uptake of
radiolabeled acetate (11C acetate, ACT) reflects FASN expression
and sensitivity to FASN-targeted therapy. This indicates that
uptake of radiolabeled acetate is a useful predictor of FASN-tar-
geted therapy outcome. Yoshii et al. [113], have also shown that
FASN inhibition suppresses cell proliferation, cell adhesion, migra-
tion, invasion, and progression. Thus, as shown in Figure 15, we
present a scheme for an “Individualized” Medicine Strategy: from
the “DiaPeutics-Side”.

In the diagnostic phase, a patient could receive (A)
Fludeoxyglucose 18FDG to detect metastases, followed by (B) 11C
Acetate to detect if tumors are metabolizing Fatty Acids via Fatty
Acid Synthase. The assessment would then focus on if, and to what
extent, the scans from (B), overlay those from (A). In the example
shown, [116] “Patient 2” had a 3.5-cm high-grade RCC of clear cell
subtype of the left kidney. PET/CT before surgery showed increased
FDG and ACT metabolism. However, in the same study [116],
“Patient” 1 had a 1-cm low-grade RCC of clear cell subtype that was
mildly to moderately avid for ACT, but completely negative for
FDG. These discrepancies and differences are the focus of debates
about which imaging agent gives the best results for tumor detec-
tion. It appears that in general, as Ho et al. [116] conclude,

FDG tends to accumulate preferentially for the more aggressive
subtypes and higher grade tumors, including metastases, and FDG
avidity is associated with a significantly less favorable prognosis in
these RCC patients. Dual-tracer PET/CT, therefore, may have a role not
just in diagnosis but also in staging and stratifying prognosis for these
patients.

But, for us, these are both functional diagnoses that, for ACT
can be coupled to a therapeutic (Orlistat) that inhibits the sub-
strate (FASN). Thus, rather than purely detection-limited, they are
techniques that reveal which tumors would respond best to which
pharmaceutical treatment, and so could meet the individual’s
molecular biology [115] at a more focused and informed

7Echinoderm Microtubule-associated protein-Like 4 (EML4) and Anaplastic
Lymphoma Kinase (ALK).
8Epidermal Growth Factor Receptor.
9T describes the size of the original (primary) tumor and whether it has invaded
nearby tissue; N describes nearby (regional) lymph nodes that are involved; M
describes distant metastasis (spread of cancer from one part of the body to
another).

10It was my colleague and close collaborator, Poul Flemming Høilund-Carlsen,
Professor, and Head of Research Unit, Clinical Physiology and Nuclear Medicine,
Odense University Hospital (OUH), that coined the phrase, “Diapeutics”, because
as he and we all know, diagnosis comes before therapy, … . and that’s the
point.
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therapeutic level. This is starting to happen and be appreciated
for FDG, where, as discussed by Kwee et al. [117], the degree of
FDG uptake reflects the biology of the tumor in many cancers.
More specifically, cancers with high FDG uptake are often histolog-
ically and clinically more aggressive than those with low or no
FDG uptake. If new functional-imaging molecules can now be
explored further for specific drug targets by the PET community,
then that would really move “Individualized Medicine from the
Diapeutics” side along at a fast rate.

Then, since a nanoparticle drug will only be as good as its
delivery and bioavailability at the tumor site, the kind of PET-
imageable nanoparticles we have been making, containing for
example 64Cu-Porphyrin [92] would be administered to the same
patient to see if, (C) these nano-particles can accumulate at the
same sites as A and B, and so demonstrate a significant-enough
EPR effect for subsequent nanoparticle drug delivery. If so, (D)
Orlistat nanoparticles, would deliver drug and block FASN enzyme.
This is a general scheme then that can stimulate development and
testing of other therapeutic agents for other pathways that would
need to be detected by other functional imaging agents.

18FDG and 11C acetate imaging would then be repeated and
compared to the initial scans in order to evaluate the success, or
otherwise, of the nanoparticle treatment. A and B (18FDG and 11C
acetate) can be done today, but are not done on regular-enough
basis to more-inform the MDT conference; C and D are obviously
new, and we would need to work with clinicians as to how all this
can be integrated into their already individualized detection and
treatment plan, – another reason to see the clinician (rather than
the pharmaceutical company) as your main customer.

Pieter, thanks once again for your generosity in sharing a sim-
ple and effective technique for making nanoparticles. We hope
that you have enjoyed reading our contribution, focused on your
“bottom-up approaches”, to celebrate your much-deserved JDT-
Life-time Achievement Award for 2016.
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