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Introduction

1. Oral drug delivery & oral nanomedicines

Oral medication is one of the most popular route of administration that contributes
up to 52% of the pharmaceutical market share in 2013 [1]. Due to the ease of use,
availability for self-medication, and flexibility for pediatric and geriatric uses, oral
medication was reported to be the patient’s preferred choice over injectables [2,3].
Injectable dosage form has benefits for its fast onset and its capability to deliver a precise
dose, but due to its invasiveness it could reduce patient’'s adherence to the
medication [3,4]. For example, one of the main reasons for poor adherence among
diabetes patient practicing daily insulin self-injection were the difficulty to inject and the
pain on the injection site [5,6]. Patient’s medication adherence is one of the most
important aspect of clinical pharmacotherapy [3]. Increase in drug adherence leads to
better treatment outcomes [7] while the lack of the adherence could post the risk of
avoidable hospitalization, poor treatment outcomes, and overall higher medical cost [4,8-
10]. Non-adherence problems stem from various factors either from the patient’s side or
the medication side [11]. Availability of an oral medication could be one strategy to
improve patient’s adherence to the treatment by allowing for more flexible medication
regimen that better suits different patients in different scenarios, moving forward beyond
the failure of the one-size-fits-all approach [3,12-14]. For example, oral anticancer drug
such as imatinib allows for the chronic dosing regimen (long-term and low-level dosing)
which can reduce the medical cost and the patient’s financial burden due to less need for
the conventional in-patient infusion chemotherapy session [12,15]. Oral medication can
also act as a complement to the standard parenteral regimen. For example, oral antibiotics
can be used as a combination with the parenteral antibiotics giving a benefits of the
patient’s early discharge from hospital as well as reducing the risk of canula-related
infection [16-18]. Clearly, oral drug delivery provides the advantages both clinically and
financially.

However, not all drugs are capable for oral administration because drug oral
bioavailability is a complex process relying on both physicochemical and biological
mechanisms [12,19-21]. Most drug absorption occurs in the small intestine [20]. The
intestinal barrier (also called the gut-blood barrier) consists of three main barriers: the
mucus layer, the epithelium layer, and the vascular endothelium layer [20,22]. Drug
intestinal absorption is highly dependent on drug stability in GI, drug aqueous solubility
and membrane permeability [23,24]. The biopharmaceutics classification system (BCS) is
established to classify drugs bioavailability based on these two parameters [23,25]
(Table 1).
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Table 1. BCS class and drug examples

BCS | Aqueous Membrane

class | solubility | permeability G1 absorption Example drugs
I High High High absorption metoprolol tartrate,
propranolol HCI [26]
II Low High Limited by dissolution rate carbamazepine, cephalexin [26]
III High Low Limited by permeation rate | atenolol, cimetidine [26]
v Low Low Poor absorption furosemide, amphotericin B,

paclitaxel, lopinavir [26,27]

High aqueous solubility = The highest therapeutic dose is completely soluble in 250 mL or less of
the aqueous buffer with pH range of 1.2-6.8 at 37 °C.

High membrane permeability = at least 85% absolute bioavailability or permeability in the in vitro
Caco-2 cell membrane model.

There are various ways to determine drug’s solubility and permeability. The main criteria
provided by the United States Food and Drug Administration (U.S. FDA) suggest that a
drug is classified as “high solubility” if its highest therapeutic dose is completely soluble in
250 mL or less of the aqueous buffer with pH range of 1.2-6.8 at 37 °C; while a
“high permeability” drug should have at least 85% absolute bioavailability or permeability
in the in vitro Caco-2 cell membrane model [25]. BCS class I drugs are high solubility-
high permeability drugs and thus have high intestinal absorption. BCS class II drugs are
low solubility—high permeability so their absorption is limited by the solubility. BCS class
IIT drugs are high solubility-low permeability so their absorption is limited by its
permeability. BCS class IV drugs are low solubility-low permeability so they have poor
bioavailability and high absorption variability [23]. It is reported that poorly soluble drugs
contribute up to one third of drugs in the US pharmacopeia and the number could be as
high as 90% for new chemical entities [28]. These drugs belong to either the BCS class II
or IV and some of them are a widely used drug that is available only in the injectable
dosage form. For example, paclitaxel is widely used in the chemotherapy regimen treating
various cancers. It belongs to the BCS class IV and only has round 7% of oral
bioavailability, making it only approved by the U.S. FDA for intravenous use [27,29].
Besides, a small number of widely use BCS class IV drugs, around 5%, is approved for
oral administration but with some degree of absorption problem or precaution [24,27].
For example, furosemide, a commonly used diuretics, shows a highly variability in oral
bioavailability from 10-90% and thus dosing adjustment is required for each patient with
different health conditions [30-32]. Lopinavir, a standard antiviral drug for HIV, is another
BCS class IV drug with several oral formulations available. However, due to its poor
bioavailability (around 25%), the drug can only be orally administrated as a combination
with ritonavir (lopinavir/ritonavir combined pill) [33,34], causing the incremental medical

cost that leads to the affordability problem to the people in developing countries where
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the prevalence of HIV infection is relatively high [35]. Indeed, poor drug absorption
problem can be a factor attributing to the problem not only for the pharmaceutical industry
but also the public health system. In addition, one should keep in mind that the BCS
classification system still has the limitations that it does not include other parameters
affecting oral absorption such as drug stability in GI, GI diseases, and the variability among
the population.

Several strategies have been developed to enhance oral absorption of poorly
soluble drugs based on 1) the chemical approach such as prodrug or salt form; and 2) the
formulation approach such as solid dispersion, self-emulsifying drug delivery systems
(SEDDS), cyclodextrin, etc. [36-38]. In recent years, nanotechnology gains a lot of
interest for its application in pharmaceutical science. The term “nanomedicine” is coined
for drug delivery system based on nanotechnology [39]. In the literature, lots of evidence
suggest that general benefits of nanomedicines for oral delivery are 1) to improve drug GI
stability by the protection against harsh GI environment, 2) to increase the absorption of
poorly soluble drugs, and 3) to control drug release [40-43]. Notable drugs with poor
absorption such as amphotericin B, exenatide, and insulin were also reported to have an
improved oral bioavailability in an animal model after being encapsulated in the polymeric-
type nanocarriers [43]. Especially insulin, the polymeric nanoparticles was found to protect
the encapsulated insulin against the enzymatic degradation in the GI [44], showing the
superiority of nanomedicine over the classical delivery system such as SEDDS that is not
capable. Nano Lipid-type nanomedicines are known to improve the oral bioavailability of
various drugs such as clozapine, paclitaxel, lopinavir, etc. [45,46]. Nanomedicine seems
to be one of the promising solution for oral delivery of poor absorption drugs [22,47].

However, among 1,450 drugs and more than 20,000 drug products approved by
the U.S. FDA [48,49], only around 70 nanomedicines drug products reach the market
globally as of 2022, of which only 13 drug products are available for oral administration
[50,51]. Almost all of the approved oral nanomedicines is nanocrystals, which mainly
aimed for increasing drug dissolution rate by increasing drug surface area [36,51,52].
Lipid-based and polymer-based nanomedicines contributed to a very large part of the
approved nanomedicines but no products in these groups are aimed for improving oral
absorption [50,51]. Lack of nhanomedicines products may suggest that there is a problem
on the clinical translation between the preclinical study in the literature and the clinical
trials, the problem that even nanomedicines in general suffer from [42]. That root cause
may stem from the fact that nanomedicines are inherently different from classical drug
formulation in many aspects. While drug molecules have chemical properties,
nanomedicines also have extra aspects such as size, shape, surface modification, organ
targeting property, etc. [53,54]. However, these aspects of nanomedicine are often
ignored as they are still treated like the classical formulation [42]. For example, preclinical
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pharmacokinetics study of nanomedicines still focuses on the encapsulated drug level
alone and ignores the fate of the nanomedicine as the nanocarrier, despite the fact that
the effects such as specific organ targeting, controlled release, and prolonged circulation
actually rely on the property of the nanocarrier itself rather than the drug as in the classical
formulation [42,55]. It is clear that better understanding on the biofate of nhanomedicines
is needed and many aspects of the nanomedicine should not be ignored in order that the

benefits the nanomedicine will finally come to fruition.

2. Parameters and tools for evaluating oral absorption

In order to explore the oral absorption of nanomedicines, the first important thing
to consider is the parameters and tools to evaluate oral absorption. There are two main
parameters to evaluate oral absorption: the intestinal permeability (either in vitro or
ex vivo) and the in vivo bioavailability. Tools are developed around these two parameters.
However, when studying the oral absorption of hanomedicine, there are two aspects to
consider: 1) the absorption of the encapsulated drugs as in the conventional approach;
and 2) the absorption of the intact nanomedicine itself. It is important to investigate the
absorption of the intact nanomedicine to determine the location of drug release: whether
in the intestinal lumen or in the systemic circulation (after intact nanoparticle being
absorbed); and to better predict drug absorption [56]. This is because the drugs
encapsulated in the nanoparticles must be released in order to have therapeutic efficacy,
similar to the analogy of drug release from the conventional capsules or tablets.

2.1 Membrane permeability model

There are various in vitro and ex vivo models for evaluating drug intestinal
absorption, but all the models are actually based on the same basic structure. All the
models consists of two compartments called the apical and the basolateral compartment
(also called the donor and the acceptor chamber) with a permeable membrane in-between
separating the two compartments [57]. Drug absorption in the in vitro model can also be
called drug permeability since it is determined by the drug transport rate across the
membrane (from apical to basolateral) per time and area, called the apparent permeability
coefficient (Papp) which is represented by the following equation:

dQ 1

Pore ™ dt ¥ A G
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Where dQ/dt is the rate of drug content to the basolateral compartment over time; A is
the area of the permeable membrane; Co is the drug content in the apical compartment
at time zero [57].

For the intestinal model, the apical and basolateral compartments are the
representations of the intestinal lumen and the systemic circulation, respectively. The
variation and the advancement of each model depends on the difference in the type of the
permeable membrane. Types of the membrane can be grouped in 3 types: 1) artificial

membrane, 2) cell culture membrane, and 3) ex vivo membrane.

2.1.1 Artificial membrane

Parallel artificial membrane permeability assay (PAMPA) is a static model with an
artificial membrane made of phospholipid [57]. It is useful for studying passive diffusion
and for screening test because it is easily prepared using only chemicals. The disadvantage
of this model is that it cannot be used to study biological process and is not specific for
oral absorption. The model can be used to represent non-specific diffusion through any
type of barrier [58]. PAMPA was found to be used to evaluate the permeability of solid
lipid nanoparticles (SLN), which SLN could increase the permeability of phytochemicals
[59,60]. The use of this model with nanomedicine was intended only for specifically
evaluating the passive diffusion (solely chemical process) of the encapsulated drugs with
the absence of all biological factors (from cell culture model) [60].

2.1.2 Cell culture membrane

Various cell lines are used for constructing the in vitro intestinal absorption cell
culture model. The use of cell culture models allow for absorption via biological process
such as active transport or receptor mediated transport to be evaluated [61]. Cell lines
can be derived from either human or animal sources. Table 2 gives a summary on

different cell lines used in the intestinal cell culture model.
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Table 2. Summary of different cell lines used in the oral absorption cell culture model.

Cell lines | Source | Cell types | Remarks | Ref.
Human cell lines
Caco-2 Human colon enterocytes Standard cell line [62]
HT-29 Human colon enterocytes, goblet Subtype of Caco-2 that can [63,64]
cells differentiate to
mucus-producing goblet cell
HT-29-MTX Human colon enterocytes, goblet Subtype of HT-29 but they [65]
cells are resistant to methotrexate
TC-7 Human colon enterocytes Subtype of Caco-2 [66]
HIEC Human small | enterocytes [67]
intestine
M-cells Human intestinal immune cells | Allowing for passage of drug [68]
absorption.
Raji-B Human intestinal immune cells | Immune cells inducing the [69]
differentiation of HT-29 to
M-cells
Animal cell lines
MDCK Canine kidney kidney epithelium Caco-2 analogous [57,70]
LLC-PK1 Pig kidney kidney epithelium Caco-2 analogous [71]
2/4/A1 Rat intestine (fetal) enterocytes [72]
IEC-18 Rat small intestine enterocytes [73]

Caco-2 = Human colon adenocarcinoma
M-cells = Microfold cells

MDCK = Madin-Darby’s Canine Kidney
LLC-PK1 = Pig kidney epithelial cells
IEC-18 = Rat intestinal epithelium cells

The most commonly used cell line is the Caco-2 (Human colon adenocarcinoma) cell line
due to its well-established correlation with Jjn vivo absorption [62,74]. For oral
nanomedicines, Caco-2 model was also widely used to evaluate the in vitro oral
permeability, including the test for various encapsulated drugs such as decitabine [75],
paclitaxel [61], dexamethasone [76], amphotericin B [77]; as well as for intact
nanoparticle absorption of various polymeric nanoparticles, SLN, LNCs, and liposomes
[78]. However, more advanced models are rarely used for studying oral absorption of
nanomedicines [78]. The model such as Caco-2/HT-29 coculture provides a benefits of the
mucus layer due to the fact that HT-29 (as well as HT-29-MTX) is the goblet cell producing
mucus [56,79-81]. For example, a study by Prego et al. [82] using this coculture model
could reveal that chitosan nanoparticles having a mucoadhesive property. This result could
not be obtained with the Caco-2 model. To date, one of the most sophisticated in vitro
model for intestinal absorption is the triple-coculture Caco-2/HT-29/Raji-B model by
Antunes et al. [83,84]. This model, while Caco-2 and HT-29 are seeded together on the
apical side of the Transwell®, a lymphoblast like cell "Raji-B” is seeded in the basolateral
side. Raji-B does not attach to the surface and it will migrate to the Caco-2/HT-29 layer
to induce Caco-2 to differentiate to M-cell [83,85], the cell which can facilitate nanoparticle
transcytosis [78]. A study by Schimpel et al. [85] gave evidence that presence of the
M-cell in this model really increased the absorption of polystyrene nanoparticles, and thus
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suggested that nanoparticle transcytosis via M-cell could be another viable strategy for
oral nanomedicine absorption.

Despite the great development in the oral absorption cell culture model during the
past few years, the cell lines used in these models still compose mainly of the enterocyte’s
epithelium and, at best, the mucus layer. Indeed, the intestinal barrier consists of the
mucus layer, the epithelium layer, and also the endothelium layer. The current existing
in vitro oral absorption models clearly lack the cooperation of the endothelium cell line,
and this is the limitation of the models.

2.1.3 Ex vivo membrane

The ex vivo model has the benefits of using the actual intestinal membrane
obtained from animal models which include the natural mucus layer. The model also allows
for the use of pig intestinal membrane which is morphologically similar to human
intestine [86]. One of the prominent ex vivo model is the Ussing chamber, which was used
by Schimpel et al. [85] for evaluating the permeability of polystyrene nanoparticles
through the pig intestinal membrane. In this study, they found that the ex vivo
permeability of the polystyrene nanoparticles highly correlated to the Caco-2/HT-29/Raji-B

cell culture models.

2.2 In vivo oral bioavailability

In the in vivo study, after a drug is administrated into a body, the amount of drug
that reaches the systemic circulation can be measured as the plasma drug concentration—
time curve (Figure 1). The area under the curve (AUC) can be calculated to represent the
total amount of drug in the systemic circulation over the measuring time period (often
abbreviated as AUCost) [87].
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Figure 1 An example of plasma drug concentration-time curve of an imaginary drug
administrated by the oral route. Cmax is the peak plasma concentration. Tmax is the time of
the peak plasma concentration (Cmax). AUC is the area under the curve which represents
the total amount of drug in the systemic circulation over the measuring period. Reprinted
from Boussery et al. [87].

Bioavailability is a standard pharmacokinetic parameter for drug absorption which
is calculated with the AUC [88]. An increase in oral bioavailability generally correlates with
a higher therapeutic efficacy of the drug, making it a crucial predictive parameter in the
pre-clinical study [42]. The principle of bioavailability is to measure the amount of drug
that reaches the systemic circulation after the absorption compared to scenario without
the absorption [87,89,90]. Bolus intravenous administration is considered the scenario
with no absorption since the drug is directly administrated to the systemic circulation.
Therefore, the so-called absolute bioavailability can be calculated as the ratio between the
AUC of the drug going through absorption vs. the AUC of the drug administrated by
intravenous injection. For the oral absorption [87], the absolute oral bioavailability can be
calculated by the equation:

AUCpo-Dyy
AUCqy-Dpo

Absolute Oral Bioavailability (Faps po)=
Where Fabs,po is the absolute oral bioavailability; AUCro is the AUC of drug administered
orally; AUCw is the AUC of drug administered intravenously; Dro is the dose of drug
administered orally; Diwv is the dose of drug administered intravenously. Following the
equation, the absolute bioavailability of intravenously administrated drug is always
Fabs = 1 (or 100%) while orally administered drug will always has the Fabs < 1 (or < 100%)
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due to the loss during absorption process [87,90]. Moreover, the oral bioavailability of
drug with different dosage forms or different formulations can also be compared to each
other using the relative bioavailability as the following equation:

AUCtest' Dref
AU Cref' Dtest

Relative Oral Bioavailability (Fie po)=
Where Frelpo is the relative oral bioavailability; AUCtest is the AUC of the test drug; AUC:es
is the AUC of the reference drug; Dtest is the dose of the test drug; Dreris the dose of the
reference drug. Relative bioavailability is a useful parameter to evaluate the efficiency of
the formulation or the dosage form to improve drug absorption as a comparison to the

reference formulation [87].

3. Lipid nanocapsule by phase inversion temperature
(PIT) method

Lipid nanocapsules (LNCs), developed by the MINT laboratory, is one of the
nanomedicines showing a benefit to improve oral bioavailability of several drugs e.g.
paclitaxel [29,91,92], albendazole [93,94], praziquantel [95], etc. LNCs is prepared with
the phase inversion temperature (PIT) method developed by Heurtault et al. [96]. The
structure of LNC is described as an oily lipid core made of medium-chained triglyceride
surrounded by a monolayer shell of short-chained pegylated surfactant and lecithin
(phosphatidylcholine) (Figure 2) [96,97].

§§ SS St

L7 o—

1/] \& /f/;.j:j\\i\f\ (F:-!:)?)?d%]ggdg)/l choline
A
AN

'\

Macrogol 15 Hydroystearate
(Kolliphor® HS 15)

\SY l/ i \ %%[/T] Tricaprylin

(Triglycerides)

Figure 2. Schematic representation of a lipid nanocapsules.
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PIT technique is based on the principle that the modification of hydrophilic-lipophilic
balance of nonionic surfactant such as polyoxythelene-type surfactants changes according
to the temperature. At low temperature, the surfactant is more hydrophilic as it can form
a hydrogen bond with the aqueous phase creating the oil-in-water emulsion (O/W). On
the contrary, at high temperature, the hydrogen bond between water and polyoxythelene
chain will break reversing the phase of the emulsion to water-in-oil (W/O). The transitional
phase between O/W and W/O is called the phase inversion zone (PIZ). During the PIZ,
surfactant and lipid phase will rearrange in the bicontinuous (sponge-like) structure. LNC
can be formed by the addition of cold water (0-2°C) to irreversibly break this lipid
bicontinuous structure [46,98,99].

PIT method can produce LNCs in the size ranging from around 20-150 nm and is
monodispersed. LNCs has the advantages of using the biocompatible excipients and not
using toxic organic solvents during the formulation process. LNC are physical stable for up
to 18 months [46,96]. LNCs is proved to be versatile for encapsulating or surface loading
of chemical drugs, peptides, monoclonal antibodies, DNA, RNA, etc. (Table 3).

Table 3. Example of drugs loaded to LNCs with PIT method.

Types of drugs Loading system Example of drug loaded to LNCs
Hydrophobic drug Encapsulation paclitaxel [91], sorafenib [100],
ropivacaine [101], miltefosine [102-104],
albendazole [93,94,105], ibuprofen [106],
deferasirox [107], rapamycin [108]
Hydrophilic drug Encapsulation decitabine [75], cisplatin [109]
Macrolides Encapsulation cyclosporin [110]
Polysaccharides Surface loading fondaparinux [111]
Peptides Surface loading salmon calcitonin [112], antimicrobial
peptides [113]
Encapsulation antimicrobial peptides [113]
Monoclonal antibody | Surface loading bevacizumab [114]
DNA Encapsulation DNA [115,116], plasmid DNA [117]
RNA Surface loading SiRNA [118,119]
Encapsulation miRNA [120,121]
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4. Lipid nanocapsules for oral absorption

Several drugs were encapsulated into lipid nanocapsules (LNCs) for oral
administration. LNCs could increase the oral bioavailability of many encapsulated drugs
namely paclitaxel [29,91,92], albendazole [93,94], praziquantel [95], fondaparinux [111],
tetrandrine [122], and tanshinone IIA [123].

In vitro studies in Caco-2 epithelium cells also showed that LNCs could improve the
permeability of paclitaxel [61], Sn38 [124] and decitabine [75]. The in vitro studies also
revealed that the main absorption process of drug-loaded LNCs occurred via the active
transport transcytosis process namely the clathrin-dependent and caveolin-dependent
transcytosis and these processes were size-independent [61]. In contrast, passive
transport of LNCs was found to be size-dependent as it increased when the size decreased.
Intact LNCs particles were also found to cross the Caco-2 epithelium by around 0.3% of
initial quantity of LNCs after 2 hours of incubation on Caco-2 cells model [61,124].
Moreover, LNCs were stables in the GI mucus and had a mucopenetrative effect that
improved drug permeability across the mucus layer [125]. Besides, it was reported by
Tran et al. [92] that LNCs also elevated paclitaxel absorption through the lymphatic system
in rat model. The amount of paclitaxel in the mesenteric lymph node was significantly
higher for rat administrated with paclitaxel-LNCs compared to the paclitaxel oral solution
at any time points from 4-24 hours.

On the other hand, LNCs did not increase the oral bioavailability of ibuprofen [106],
(R)-CE3F4 [126], and miltefosine [102]. However, it was observed that LNCs interestingly
improved the therapeutic efficacy of ibuprofen and miltefosine. In the case of ibuprofen,
it was suggested that the sustained release effect in the ibuprofen-LNCs formulation might
contribute to this phenomenon because the prolonged pharmacokinetics profile was
observed compared to ibuprofen oral solution [106]. However, for miltefosine, the cause
of this phenomenon was unclear because both the miltefosine-LNCs and the oral
miltefosine solution had similar oral bioavailability and pharmacokinetic profile but only
the oral solution did not have therapeutic effect. It was hypothesized by the article's author
that this effect was a result of the absorption of intact LNCs because the suspect nano-
objects were found at the therapeutic site (fluke worm Schistosoma mansoni) [102].

Different LNCs were formulated into the size ranging from 20-150 nm for oral
administration. Size of LNCs did not seem to have a strong effect on 1) in vitro drug
permeation across Caco-2 epithelium [61], 2) mucopenetrating ability [125], and 3) oral
bioavailability [29,91,92]. An increase in size may lower the oral bioavailability as it was
observed that 90-nm paclitaxel-LNCs increased the oral bioavailability of paclitaxel only
by 2 folds [92] compared to the 3-fold increase by 60-nm paclitaxel-LNCs [29,91].
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LNCs coated with DSEP-PEG-2000-NH2 (DPEG-LNCs) increased oral bioavailability
of paclitaxel by 11 folds in a rat model, compared to 3 folds by the classical LNCs, and 4
folds by the cationic LNCs [29,91]. However, the Paclitaxel-DPEG-LNCs did not improve in
vivo antitumor efficacy of paclitaxel in rat model when given orally. The classical Paclitaxel-
LNCs, on the other hand, still maintained high antitumor efficacy after oral
administration [91]. The pegylated LNCs seemed to highly increase oral bioavailability of
the encapsulated drugs but surprisingly failed to improve any therapeutic effect of the
drug in the case of paclitaxel. The classical LNCs still successfully improved the therapeutic
effect despite elevating the oral bioavailability not as high as the pegylated LNCs. The
cause of this discrepancy was still unclear and could not be explained by the classical
pharmacokinetics model of plasma drug concentration and bioavailability as in the classical
pharmacokinetic model, an increase in oral bioavailability (plasma drug concentration and
AUC) always correlates with a higher therapeutic efficacy of the drug [42].

On the other hand, anionic dicetyl phosphate coating LNCs (DCP-LNCs) loaded with
miltefosine had poor anthelmintic against a fluke worm Schistosoma mansoni. However,
their pharmacokinetic profile has not yet been attested [102].

Finally, cationic coating of oral LNCs includes cetrimonium bromide (CTAB),
chitosan, and stearylamine. Coating with stearylamine on LNCs (SA-LNCs) prolonged the
plasma concentration half-life and increased oral bioavailability of the encapsulated
fondaparinux by 15 folds, higher than CTAB-LNCs (7 folds). It was also hypothesized that
this was a result of SA-LNCs having lower surface charge than CTAB-LNCs as this was the
only difference property between the two types of coating. However, the study did not
compare the two cationic LNCs with classical LNCs in this regard [111]. In another study
by Groo et al. [91], chitosan-LNCs (CS-LNCs) increased the oral bioavailability of
paclitaxel by 4 folds but this was not significantly different from classical LNCs. However,
they did not investigate the therapeutic efficacy of this cationic LNCs further. Later, Eissa
et al. [102] found that CS-LNCs and CTAB-LNCs encapsulating miltefosine had higher
anthelmintic efficacy against a fluke worm Schistosoma mansoni than the classical LNCs,
despite the fact that all cationic LNCs and classical LNCs had the same oral bioavailability
and pharmacokinetic profile. This result was also confirmed in another study [103], in
which cationic LNCs seemed to have a similar oral bioavailability to classical LNCs but
surprisingly gave a significantly higher therapeutic efficacy. As previously explained for
the case of miltefosine, it was hypothesized that this was the result of the absorption of
intact LNCs into the systemic circulation. Table 4 summarizes the studies on oral

absorption of LNCs formulations.
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Table 4. Summary of the studies on oral absorption of LNCs formulations.

Encapsulated Particle Surface
drugs / Lipid core size s a: Study Model Discoveries Ref.
modification
substances (nm)
Anticancer
Paclitaxel Captex® 8000 60 n/a \Y, Rat 3-fold increase in bioavailability of paclitaxel observed in LNCs formulation [29]
compared to oral solution of Taxol®.
Captex® 8000 25, 50, n/a T Caco-2 e Increase in paclitaxel permeability across Caco-2 observed in LNCs [61]
100, 130 cells formulations.
e Intact LNCs found in basolateral media.
e LNCs absorption mechanisms occurs via clathrin-dependent & caveolin
dependent transcytosis.
Captex® 8000 25, 55, n/a T GI Mucus e LNCs formulation is stable in GI mucus and do no change mucus [125]
110 (Transwell) rheology.
o Paclitaxel diffusion is not size-dependent (for <110 nm).
e Mucus layer reduces paclitaxel permeability in LNCs formulations.
o 2-fold increase in permeability of paclitaxel observed in 55-nm LNCs
formulation compared to oral solution.
Captex® 8000 50-70 Chitosan (cationic), \Y Rat o 3-fold increase in bioavailability of paclitaxel observed in LNCs [91]
DSEP-PEG-2000-NH. formulation compared to oral solution. Highest antitumor effect (tumor
(anionic) size reduction).
e 11-fold increase in bioavailability of paclitaxel observed in DPEG-LNCs
formulation compared to oral solution. Fails to have antitumor effect.
e 4-fold increase in bioavailability of paclitaxel observed in Chitosan-
LNCs compared to oral solution. No different to normal LNCs
formulation.
Captex® 8000 90 n/a \Y, Rat e 2-fold increase in bioavailability of paclitaxel observed in LNCs [92]
formulation compared to oral solution.
e Increase of paclitaxel level in lymphatic system observed for LNCs
formulation.
Sn38 Transcutol® 40 n/a T Caco-2 e 5-fold increase in Sn38 permeability across Caco-2 observed in LNCs [124]
HP, Labrafil® formulation in comparison free Sn38.
M1944, e No paracellular effect of LNCs observed.
Labrafac®
Decitabine Transcutol® HP 30 n/a T Caco-2 30-fold increase in decitabine permeability across Caco-2 observed in [75]
+ Tween 80 LNCs formulation compared to oral solution.
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Encapsulated Particle Surface
drugs / Lipid core size s a: Study Model Discoveries Ref.
modification
substances (nm)
Anthelmintic
Miltefosine Labrafac® WL 40-60 CTAB (cationic), \ Mouse e Cationic LNCs has high anthelmintic effect against S. mansoni (fluke [102]
1349 £ OA Chitosan worm), CTAB is the strongest with 8-fold increase compared to oral
(cationic), solution.
DCP (anionic) e Anionic LNCs has poor anthelmintic effect.
e Bioavailability of miltefosine is similar for free drug, LNCs, and all
cationic LNCs formulations.
¢ Nano-objects found on fluke worm treated with LNCs formulations.
Labrafac® WL 40-50 CTAB (cationic) \ Mouse e CTAB-LNCs or OA-LNCs has better anthelmintic effect against S. [103]
1349 £ OA mansoni (fluke worm) than miltefosine oral solution.
Albendazole Labrafac® WL 50 n/a \Y, Mouse e 2-fold increase of albendazole in plasma and E. granulosus cyst [93]
1349 + OA (tapeworm) observed in LNCs formulation compared to oral solution.
o 2-fold increase in anthelmintic effect against E. granulosus compared
to oral solution.
e Increase in therapeutic effect correlates with AUC
Captex® 8000, 50 n/a \ Mouse (new) LNCs formulation has higher anthelmintic efficacy against E. [105]
Labrafac® WL granulosus cyst, compared to albendazole oral solution.
1349 £ OA
Labrafac® WL 50 n/a \Y, Mouse 2 to 3-fold increase of albendazole level in mouse brain by Albendazole- [94]
1349 + OA brain LNCs formulation compared to oral solution.
Praziquantel Labrafac® WL 50-60 n/a \ Rat e 2.5-fold increase in bioavailability of praziquantel observed in LNCs [95]
1349 £ OA and LNCs-OA formulations compared to oral solution.
e 3-fold increase in MRT suggesting prolonged release compared to oral
solution.
e 20% increase of anthelmintic effect against S. mansoni (fluke worm)
compared to oral solution.
NSAIDs
Ibuprofen Labrafac® CC 50-60 n/a \Y, Rat e Prolonged half-life and antinociceptive effect observed in LNCs [106]
formulation.
¢ No significant increase in bioavailability observed.
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Encapsulated Particle Surface
drugs / Lipid core size s a: Study Model Discoveries Ref.
modification
substances (nm)
Anticoagulant
Fondaparinux Labrafac® WL 50 CTAB, \Y, Rat e 15-fold increase in bioavailability of fondaparinux observed in [111]
1349 Stearylamine Stearylamine-LNCs formulation compared to oral solution.
(cationic) e 7-fold increase in bioavailability of fondaparinux observed in CTAB-
LNCs formulation compared to oral solution.
e Prolonged half-life observed in all LNCs formulations.
Antiviral
Efavirenz Labrafac® 60 n/a E Rat 2-fold increase in permeability observed in LNCs formulation compared to | [127]
jejunum oral solution.
Antiarrhythmic
(R)-CE3F4 Miglyol® 812 30 n/a Vv Mouse LNCs formulation improve (in vitro) GI stability of the drug but do not [126]
increase the bioavailability.
Phytochemicals
Tetrandrine Labrafil® 40 n/a \Y, Rat 2-fold increase in AUC observed in LNCs formulation, compared to [122]
M1944 CS tetrandrine tablet.
Tanshinone IIA Labrafac® WL 70 n/a \ Rat 3.6-fold increase in bioavailability of the drug observed in LNCs [123]
1349 formulation, with prolonged half-life and MRT, compared to oral solution.
Other
FRET dyes Captex® 8000 60 n/a T Caco-2 0.3% intact LNCs found crossing Caco-2 after 2 hours. [128]
V = in vivo Captex® 8000 = Tricaprylin
T = in vitro Transcutol® HP = Diethylene glycol monoethyl ether
E = ex vivo Tween 80 = Polysorbate 80
FRET = Forster resonance energy transfer Labrafac® = Medium chain triglycerides
OA = Oleic acid Labrafac® WL 1349 = Medium chain triglycerides
CTAB = Cetrimonium bromide Labrafac® CC = Caprylic/Capric Triglyceride
DCP = Dicetyl phosphate Labrafil® M1944 CS = Oleoyl polyoxyl-6 glycerides
DPEG = DSPE-PEG-2000-NH; Miglyol® 812 = Medium chain triglycerides
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5. In vivo lipid nanocapsules behavior

From the last section, the in vivo oral absorption of LNCs formulation was
investigated only with the conventional approach to follow the level of the encapsulated
drug alone. The absorption of the intact LNCs particles itself was only investigated in the
in vitro model and none in the in vivo model. It was clear that investigating only the drug
level was inadequate to explain the behavior of drug-loaded LNCs such as miltefosine
[102] and paclitaxel [91]. The lack of in vivo studies on the biofate of intact LNCs is
possibly due to the fact that in vivo tracking of the intact nanomedicine is difficult [129].

Forster resonance energy transfer (FRET) is a tool for tracking intact nanoparticle
either in the in vitro or the in vivo settings. In brief, FRET is the distance-dependent
phenomenon (not occurring if the distance >10 nm) that can be used to monitor the
dissociation of LNCs. Details are explained in the Bibliographic Study section.
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6. Objectives of the thesis

LNCs is the nanomedicine that provide the benefits on either the flexibility to
encapsulate wide ranges of drugs and the capability to increase the oral bioavailability of
many drugs. However, there exists the unresolved discrepancy between the correlation of
oral bioavailability and therapeutic efficacy in the case of drug-loaded cationic and anionic
LNCs [91,102]. That means classical pharmacokinetics model using plasma drug
concentration is inadequate to explain the behavior of nanomedicine formulation. Many
studies hypothesize that this discrepancy is a result of intact LNCs being able to cross the
intestinal membranes into the systemic circulation and thus alters the in vivo
pharmacological efficacy of the drug [75,91,93,94,102]. However, this has not yet been
proven and the bioavailability of intact LNCs is also still unknown due to lack of an
appropriate tool. Hence, before the correlation between the oral bioavailability and the
therapeutic efficacy of the encapsulated drugs in LNCs will be drawn, it is necessary that
the oral absorption of intact LNCs must be more precisely characterized. As such, the main
objective of this thesis is:

1) To develop appropriate tools in vitro and in vivo to study intact LNCs oral
absorption.
2) To characterize the oral absorption of intact LNCs both in vitro and in vivo.

The first chapter explains the development of the new in vitro co-culture model of
Caco-2 epithelium and HMEC-1 endothelium. The addition of HMEC-1 endothelium could
improve the model to be closer to the physiology of the intestinal barriers.

The second chapter describes the development of a new quantitative FRET
technique used for quantifying the particle concentration in biological media both in vitro
and in vivo. This new technique was successfully employed for pharmacokinetic study and
pharmacokinetic modelling of LNCs with different sizes (50 and 85 nm) and surface
modifications (cationic, anionic, classical LNCs).

The third chapter is the development of quantitative FRET to quantify the particle
concentration of intact LNCs in rat intestine, and feces in order to evaluate the oral
bioavailability and biodistribution of intact LNCs with different sizes and surface
modifications in the hepatic portal system

Moreover, six formulations of LNCs with different size (50-nm and 85-nm) and
surface modifications (DSPE-mPEG-2000, Stearylamine, and unmodified) were developed
namely LNC-50, LNC-50-PEG, LNC-50-SA, LNC-85, LNC-85-PEG, LNC-85-SA, and then
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encapsulated by FRET dyes Dil-TPB and DiD-TPB (Figure 3). These six formulations were

used throughout the thesis as the standard formulations.
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Figure 3. Composition and structure of LNCs utilized throughout this thesis. From left to
right 1) classical LNCs, 2) PEGylated LNCs with long PEG chain DSPE-mPEG-2000 (abv.
LNC-PEG), and 3) cationic LNCs with stearylamine coating (abv. LNC-SA).
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studies. It has been published in the Journal of Controlled Release in 2022, entitled "FRET

as the tool for in vivo nanomedicine tracking”.

©R89 31



Journal of Controlled Release 349 (2022) 156-173

journal of

Contents lists available at ScienceDirect Pl A1)

Journal of Controlled Release

G e

ELSEVIER

journal homepage: www.elsevier.com/locate/jconrel

Review article ».)

Check for
updates

FRET as the tool for in vivo nanomedicine tracking

Norraseth Kaeokhamloed, Samuel Legeay, Emilie Roger -

MINT, INSERM U1066, CNRS 6021, SFR-ICAT, University of Angers, 49333 Angers, France

ARTICLE INFO ABSTRACT

Keywords: Advanced drug delivery system utilizing a nanocarrier is the major application of nanotechnology on pharma-

FRET cotherapeutics. However, despite the promising benefits and a leading trend in pharmaceutical research,

Pharmacokinetics nanomedicine development suffers from a poor clinical translation problem as only a handful of nanomedicine

Nan_o medicine Ea products reach the market yearly. The conventional pharmacokinetic study generally focuses only on monitoring

In vivo fluorescence imaging A . s gu G . P

Confocal microscopy the level of a free drug but ignores the nanocarrier's role in pharmacokinetics. One hurdle is that it is difficult to
directly track intact nanocarriers in vivo to explore their pharmacokinetics. Although several imaging techniques
such as radiolabeling, nuclear imaging, fluorescence imaging, etc., have been developed over the past few years,
currently, one method that can successfully track the intact nanocarriers in vivo directly is by Forster resonance
energy transfer (FRET). This review summarizes the application of FRET as the in vivo nanoparticle tracker for
studying the in vivo pharmacokinetics of the organic nanocarriers and gives elaborative details on the techniques

utilized.

1. Introduction

The European Medicine Agency (EMA) defines ‘nanomedicine’ as the
application of nanotechnology aiming for clinical diagnosis and thera-
peutic use [1]. Advanced drug delivery system utilizing a nanocarrier is
the major application of nanotechnology on pharmacotherapeutics [2].
The main benefits of the nanocarrier delivery system include targeted
drug delivery, reducing side effects, enhancing bioavailability, and
controlling drug release. With the versatility to carry either large or
small molecule drugs, biologics, and genetic materials, the nanocarrier
delivery system provides a viable solution for the delivery problem
encountered in conventional drug formulation [1-3]. However, despite
the promising benefits and a leading trend in pharmaceutical research,
nanomedicine development suffers from a poor clinical translation
problem as only a handful of nanomedicine products reach the market
yearly [4,5]. The lack of a complete understanding of nanomedicine's
pharmacokinetics contributes to the cause of this failure. The conven-
tional pharmacokinetic study generally focuses only on monitoring drug
levels but ignores the nanocarrier's role in pharmacokinetics. This
approach is certainly inadequate for the overall understanding of a
drug's pharmacokinetics because the interaction that a body acts upon a
nanocarrier also directly affects the pharmacokinetics, the therapeutic
efficacy, and the safety of the loading drug [6,7]. Moreover, there are
many more aspects of pharmacokinetics in the context of nanomedicine,
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for example, particle integrity, drug release, particle internalization,
etc., which are difficult to be explained using the classical ADME (ab-
sorption, distribution, metabolism, and elimination) model alone.
Therefore, to obtain a complete view of the pharmacokinetics of the
nanomedicine, the pharmacokinetics of the intact nanocarriers is as
important and needs to be investigated [8,9].

Up until now, the advanced pharmacokinetic analysis on the nano-
carriers is still limited, especially for the organic nanomedicine [8,9]:
lipid-based and polymer-based nanoparticles [3]. Despite making up the
largest group of nanomedicine in the market [10], the organic nano-
particles are difficult to be directly characterized in vivo, in tissue, and in
biological fluid. Several imaging techniques have been developed over
the past few years, trying to directly characterize the nanocarriers in
vivo. Nuclear imaging using the radiolabel is one of the conventional
techniques with high sensitivity for monitoring biodistribution and
elimination. It can indirectly give quantitative information about the
nanocarriers. However, radiolabeling needs to be strongly conjugated to
the nanocarrier's structure, risking modifying the nanocarrier's physi-
cochemical properties. The technique also gives a poor resolution and
involves radioactive materials. Other imaging techniques such as
computed tomography (CT) and magnetic resonance imaging (MRI) are
also employed with the advantage of a higher resolution for organic
nanoparticles. However, their operation cost is high, and those methods
are not appropriate for organic nanoparticles detection. Thus, a simpler
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and less expensive technique such as the fluorescence method is pref-
erably used [9,11], particularly with the emergence of carbocyanine
fluorescence dyes. The commercialized carbocyanine dyes have emis-
sion spectra covering the near-infrared (NIR) range (650-900 nm) which
is the sweet spot for the in vivo fluorescence imaging due to less inter-
ference from the in vivo environment. This greatly improves fluores-
cence's specificity and tissue penetration. The dyes are biocompatible
and can be encapsulated into the nanocarriers, rendering them ideal for
tracing organic nanocarriers [12]. However, whole-body fluorescence
imaging still gives a relatively low resolution, but this can be compen-
sated by using the confocal fluorescence microscopy (CFM) technique in
parallel. The technique acts as a fluorescence magnifying glass zooming
into a small area of interest. It gives a very high resolution but loses the
tissue penetration capability so that it is more suitable for imaging ex
vivo tissue or organs [9,13].

Nevertheless, all of the techniques mentioned earlier have the same
crucial problem that they cannot directly determine the particle integ-
rity of organic nanoparticles. Currently, the only method that can
characterize the particle integrity of organic nanoparticles is by Forster
resonance energy transfer (FRET) [9,14,15]. It is a subset of the fluores-
cence technique often dubbed the ‘nano-ruler’ since the technique is
very sensitive to the distance change in nanoscale and is thus proved to
be useful for monitoring the association or the dissociation of organic
nanoparticles [16]. Another advantage of FRET is that the commonly
used carbocyanine dyes can be utilized, making it easier for the existing
fluorescence imaging techniques to be upgraded to FRET [16,17].
Therefore, it is obvious that FRET can be an ideal tool for studying the
pharmacokinetics of nanomedicine in the future. This review summa-
rizes the application of FRET as the in vivo nanoparticle tracker for
studying the in vivo pharmacokinetics of the organic nanocarriers and
gives elaborative details on the techniques utilized.

2. General overview on FRET

Forster resonance energy transfer (FRET), a.k.a. the fluorescence
resonance energy transfer, was discovered by Theodor Forster. [18,19]
FRET is a non-radiative near-field resonance phenomenon originating
from the dipole-dipole interaction between two fluorophore molecules,
which can only occur at a very close distance (<10 nm). When one
fluorophore is excited and in close proximity with another fluorophore
whose absorption spectrum overlaps the first fluorophore's emission
spectrum, the energy can be transferred from the first fluorophore to the
second one (Fig. 1). The fluorophore that transfers the energy is called
the donor, and the one receiving the energy is called the acceptor. The
amount of energy absorbed by the donor that is transferred to the

Donor Donor Acceptor Acceptor

Fluorescence intensity

Spectral
overlap

Wavelength

Fig. 1. FRET occurs when the donor emission spectrum overlaps the acceptor
excitation spectrum (yellow area). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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acceptor is the FRET efficiency (Egggr), which is highly dependent on the
distance (r) between the donor and acceptor by the factor of r 6. FRET
transfer rate is in equilibrium with the decay rate at Epggr = 50%, and as
such, the corresponding r distance is defined as Ry (Fig. 2). Thus, the
Epger can be defined by the relationship with Ry and r as the equation
below [16,20,21].

N
FRET T RS+ 15

There are several ways to measure Eggpr based on the quantum yield,

the fluorescence intensity, or the fluorescence lifetime, of which their

details can be found elsewhere [20,22]. Herein, only the most
commonly used techniques of FRET measurement are explained.

2.1. FRET proximity-based measurement

Proximity-based FRET measurement focuses on measuring Eprgr
relating to the distance between the donor-acceptor (r). The Epggr
rapidly increases to 98% at the distance of 0.5R and conversely plum-
mets to 1% at 2R, (Fig. 2). Therefore, the distance range between 0.5R,
and 2Ry is very useful for the proximity measurement [16,23]. However,
directly measuring Epger and Ry is a complex task. Therefore, for prac-
ticality, Epger is simplified by correlating to the donor and acceptor in-
tensity, giving a practical parameter called FRET proximity ratio (PR) as
shown in the equation:

2= IAD
(Zsp + Ips)

Where I4p and Ip4 are the emission intensity of the FRET acceptor
and the donor, respectively [24-28]. Sometimes, Egggr is simplified to
FRET intensity ratio, which is seldomly found in the literature [29,30].
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Fig. 2. Relationship between FRET efficiency (Epger) and Forster radius (Ro).
FRET transfer rate is in equilibrium with the decay rate at Egggr = 50%, and as
such, the corresponding donor-acceptor distance (r) is defined as R, (red dash
line). Eppger is highly dependent on r as it rapidly increases to 98% at the dis-
tance of 0.5R, and conversely plummets to 1% at 2R,. Therefore, the distance
range between 0.5R, and 2R, (red shading) is very useful for the proximity
measurement. Generally, the distance of 2Ry is approximately 10 nm, which is
why FRET occurs only at a nanoscale. Adapted from [23]. Copyright 2014, with
permission from John Wiley and Sons. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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Proximity-based FRET has the main application for monitoring the
structural and conformational change of macromolecules at a molecular
level. It can be used as a biosensor for either qualitative analysis for the
spatial interaction as the on/off switch (FRET vs. No-FRET situations) or
quantitative analysis as a nanoscale ruler [21,22,31].

2.2. FRET lifetime-based measurement

Fluorescence lifetime (7) is the time interval that the fluorophore
stays at the excited state before radiating the photon. Generally, it is
around 10~ s and follows the exponential decay as in the equation:

F() _
FO)

—t/t

Where F(t) is the photon count at the time t. Thus, the lifetime 7 is
defined as F(0)/e ~ 37% of the initial photon count [32,33]. For FRET
application, the donor will transfer the energy to the acceptor via a non-
radiating process resulting in the donor emission quenching and a
decrease in 7. Thereby, Erger can be monitored from donor quenching as
in the equation:

D 1,
Erggr = 1= (ﬂ) =1- (ﬁ)
Tp Ip

Where 7p4 is the donor lifetime with FRET, wp is the donor lifetime
without FRET, and likewise for the donor intensity (I) [20,22,33]. This
FRET donor quenching technique is useful for dynamic fluorescence
measurement, such as live-cell image analysis. The technique referred to
as FRET Fluorescence lifetime imaging (FRET-FILM) is the combination
of lifetime measurement and cellular imaging with FRET donor
quenching. Indeed, the use of FRET helps to discriminate the endoge-
nous molecules against the autofluorescence. FRET-FILM allows for live
monitoring of several dynamic interactions such as receptor-ligand
binding, protease activity, protein folding, hybridization of genetic
materials [33].

3. FRET-nanomedicine applied to in vivo nanoparticles tracking

Generally, FRET proximity-based measurement is applied to nano-
medicine to monitor the nanoparticle's structural change, including
particle association, particle integrity, cargo release, and particle
interaction with cells [15]. In the context of the pharmacokinetics of
nanomedicine, especially the organic nanoparticles, FRET is usefully
employed as the in vivo nanoparticle tracking technique because it is the
technique that can determine nanoparticle's integrity both in vivo and in
vitro [9]. Particle integrity is crucial for the pharmacokinetics of nano-
particles because the integrity defines the existence of the nanoparticle
and the clinical benefits thereof, such as the protective effect to the
encapsulated drugs, the organ targeting effect, the extravasation and
membrane transport effect, etc. [1,2]. An ability to determine the intact
nanoparticles in vivo will help to elucidate the in vivo pharmacokinetics
of the nanocarriers, which is essential for clinical translation [4-7].

In vivo nanoparticle tracking requires a pair of FRET dyes (often
called a FRET pair) to be integrated into the nanoparticle's structure
rendering the FRET-nanoparticles. The FRET dyes of choice are the
carbocyanine dyes with the emission spectra in the near-infrared (NIR)
range (650-900 nm) to obtain high tissue penetration by avoiding
autofluorescence from cells and tissues [12]. These dyes include, for
example, non-sulfonated cyanines: Cy3, Cy5, Cy5.5, Cy7, Cy7.5,
indocyanine green (ICG); and dialkylcarbocyanines (Di): DiO, DiR, Dil,
DiD (Fig. 3) [34].

Despite following the same FRET principle, techniques to integrate
the FRET dyes to make the system of FRET-nanoparticles vary by the
structural and chemical differences of each type of the organic
nanoparticles.
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3.1. Polymeric micelles

Polymeric micelles are one of the most diverse groups in terms of
chemical composition. However, they do share structural similarities.
They have a property of self-assembling and structurally consist of the
hydrophobic moiety (not entirely hydrophobic but less hydrophilic than
the other part) resembling a core and the hydrophilic moiety resembling
an outer shell. Carbocyanine dyes are mainly used as a FRET pair in this
type of nanoparticle, and they can either be loaded into the hydrophobic
core or be conjugated to the polymer itself, in order to reflect or mimic
how drugs can actually be loaded to the nanocarrier. Therefore, it can be
classified into a group of dye-loading FRET system and dye-conjugating
FRET system (Fig. 4). In the dye-loading FRET system, carbocyanine
dyes can be loaded into the hydrophobic core of the micelles. Besides, in
the dye-conjugating FRET system, hydrophobic fluorescence dyes could
be conjugated to the hydrophobic moiety of the polymer. Donor and
acceptor FRET dyes are conjugated separately and then mixed together
while forming a micelle consisting of a FRET pair. So, when the micelles
dissociate, the conjugated-FRET pair will disperse out, resulting in the
disappearance of the FRET signal. These different FRET systems imply
different aspects of micelles stability and pharmacokinetics. The dye-
loading FRET system implies cargo release. The dye-conjugating FRET
system implies the dissociation of the micelles. This is useful for moni-
toring the pharmacokinetics of drugs loaded inside the micelle core.
However, in terms of pharmacokinetic study of nanomedicine, those
aspects are not practically different since the focus is on the nano-
particles' integrity rather than the loaded drugs.

3.2. Lipid nanocapsules and liposomes

Nanocapsules are a class of nanoparticles that contains a shell-like
structure and a core resembling a capsule or a vesicle. Lipid nano-
capsules and lipid nanoemulsions contain a monolayer shell of surfac-
tant surrounding a lipid core. Liposomes are a vesicle with phospholipid
bilayer shell. Carbocyanine dyes are utilized in this type of nanoparticles
by the co-encapsulation inside the nanoparticle's core or void. All the
FRET systems of lipid nanocapsules and liposomes are summarized in
Fig. 5.

3.3. Nanospheres

Nanospheres are a class of nanoparticles that has a matrix structure.
It is called nanospheres, although it does not need to be spherical in
shape. It can be made of various organic and inorganic materials.
However, FRET was only utilized in organic lipid or polymeric nano-
spheres for studying their in vivo pharmacokinetics. Nanospheres seem
to be uniquely developed for delivering a specific drug. All three types of
nanospheres have different strategies to incorporate FRET pairs. For the
squalene-gemcitabine bioconjugate nanoparticles (SQGem nano-
spheres) [38], the FRET pair was conjugating to the matrix structure. For
the c(CRGDKGPDC) peptide (iRGD) modified hyaluronic acid-
—deoxycholic acid conjugate (iRGD-PEG-HA-DOCA) a.k.a. IPHD nano-
particles [49], the FRET pair was simply dispersed in the polymer
matrix. On the other hand, for the polymeric yPGA-EGTA nanoparticles
[50,51], the FRET system is firstly conjugated to insulin before being
loaded into the polymer matrix. The study also focused on the stability of
the insulin in the GI tracts rather than the stability of the polymer matrix
[50]. Fig. 6 summarizes all the FRET systems of nanospheres.

3.4. Nanocrystals

Nanocrystal is a crystal in the nanometer range formulated by nano-
precipitation of poorly water-soluble organic substances. There are two
nanocrystals with FRET described: coumarin-6 nanocrystals [52] and
curcumin nanocrystals (Fig. 7) [53]. While coumarin-6 nanocrystal can
be paired with Dil to create a FRET system, curcumin nanocrystal loses
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Non-sulfonated Cyanines

Cy3 Cy5

1 3 | 1
(CH2)17 (CH2)17 (CHz)17 (CHz)17
CHgs CHj3 CHgz CH3

DiD DiR

Fig. 3. Example of commonly used carbocyanine dyes for FRET with the emission spectrum in the range from 500 to 900 nm. Non-sulfonated cyanine dyes include
Cy3 [35], Cy5 [36], Cy7 [37], Cy5.5 [38], Cy7.5 [38], and ICG [39]. Dialkylcarbocyanine dyes include DiO, Dil, DiD, DiR [34]. There are structural similarities
between Cy3/Dil, Cy5/DiD, Cy7/DiR, and Cy7.5/ICG. A longer polymethine chain (marked by carbon number) red-shifts the excitation and emission wavelengths
towards the near-infrared region. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Summary of the instrumental technique of FRET for in vivo pharmacokinetic
study.

Instruments Fluorometer/ Confocal In vivo imaging
microplate reader ~ Microscopy (CFM) system (IVIS)
Samples e Plasma extract o Tissue slice e Mouse or rat
o Blood o Cells (whole-body,
e Mouse's earlobe live)
and liver o Ex vivo organs
vasculatures (in e Blood

vivo intravital) Plasma extract
Zebrafish larva
(whole-body)

Qualitative &

Assay technique Semi-quantitative

Qualitative &

particle Semi-quantitative Semi-
concentration imaging assay quantitative im-
and chemical aging assay
assay (live)
e Semi-
quantitative

particle assay

Pharmacokinetic e Plasma particle e Particle stability e Particle stability
study concentration in organ (QL, in organ or
(SQT) SQT) whole-body
o Particle o Biodistribution (QL, SQT)
stability in (SQT) o Biodistribution
plasma (SQT)  Oral absorption (QL, SQT)
(QL) o Plasma particle
o Cargo release concentration
QL) (SQT)
e Oral absorption
(SQT)
o Cargo release
(SQT)
Advantages e Gives a high- e High image e Live animal
resolution resolution whole-body
fluorescence (microscopic image
spectrum level) * Wide range of
o True chemical e More practical samples
assay for qualitative
o Potential for imaging
true analysis
quantitative
analysis if done
with proper
calibration
curves
Limitations e Limited to e Practical only o Signal
plasma or for microscopic interferences for
blood sample sample whole-body
o Non-imaging o Less practical imaging
analysis for live animal e Requires
imaging complex signal
calibration
procedures for
FRET

QL = Qualitative assay.
SQT = Semi-quantitative assay.

its fluorochrome property and thus needs another FRET system from the
pair of perylene and HoTPyP.

3.5. Dendrimers

Dendrimers consisting of an inner core and a peripheral shell are the
well-designed branching architectures macromolecules with abundant
terminal groups allowing for dye conjugation. Dyes can also be loaded
into the inner core.

PEG®*-CAg telodendrimers were a class of dendrimer developed by Li
et al. [54]. The basic structure of the telodendrimers consists of the
PEGK moiety and the dendritic oligomer of cholic acid (CAg). It is a self-
assembly system in which cholic acid telodendrimers coalesce together
as a hydrophobic core and the PEG¢ moiety facing outward as a hy-
drophilic shell. Carbocyanine dye DiO as the FRET donor was
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encapsulated in the core, while rhodamine B as the FRET acceptor was
conjugated to the telodendrimer (Fig. 8).

4. In vivo pharmacokinetic studies using FRET-nanomedicine

Pharmacokinetic study involves collecting the animal's blood sam-
ple, tissues, organs, or even full-body imagery. In these different sam-
ples, FRET measurement can be performed by common fluorescence
imaging tools, namely microplate reader, fluorometer, confocal micro-
scopy (CFM), or in vivo imaging system (IVIS). All the instruments can
perform the semi-quantitative assay, while only CFM and IVIS can
perform qualitative and semi-quantitative imaging analysis. The ad-
vantages and limitations of each instrumental technique are summa-
rized in Table 1. The following sections will detail these FRET
techniques used as the in vivo nanoparticle tracker exemplified with
some nanoparticles described before. Table 2. summarizes all the FRET
system and their application for the in vivo pharmacokinetics of the
nanomedicine.

4.1. FRET in vivo nanoparticle tracking by confocal microscopy (CFM)

CFM is used for the tissue slides or organ samples. CFM may also be
used for live imaging of the superficial veins of rodents, or the whole
body of zebrafish larvae.

4.1.1. Live-imaging of the vasculature by intravital FRET-CFM

Live-imaging of the vasculature by intravital FRET-CFM was only
performed on micelles nanoparticles.

Chen et al. [40] were the first to utilize FRET as the in vivo nano-
particle tracker. The technique was to perform the qualitative imagery
assay and the semi-quantitative assay on the in vivo particle stability of
the PED-b-PPLG micelles (PPMs) in a mouse model. Then the FRET-
PPMs were intravenously injected into the mice. The fluorescence
image of the vasculature on the mouse's ear lobe was taken by the
confocal microscope. The intensity of the signals from the photo was
recorded, and the FRET proximity ratio could be calculated to estimate
the plasma particle concentration of the micelles. The proximity ratio
(called the FRET ratio) was also compared with the positive standard of
the fully intact micelles in water and the negative standard of the
dissociated micelles in acetone. The result showed the fast in vivo
dissociation of FRET-PPMs in the mouse's circulatory system, as the PR
dropped from 0.90 to 0.46 (negative control's PR = 0.30) within 15 min.
Further in vitro particle stability study using the FRET method revealed
that a- and B-globulins in blood were the probable cause of the PPMs' fast
dissociation.

Later, by Ishizawa et al. [42], the in vivo live FRET imaging of FRET-
PPMs in the mouse's ear and the liver vasculature was conducted by
confocal microscopy for up to 4 h (Fig. 9.). The particle stability in the
vasculature was observed qualitatively and found that FRET-PPMs
extravasated to a hepatic tissue and dissociated. Further in vitro FRET
experiment also revealed that FRET-PPMs might dissociate while
interacting with the hepatic cell membrane.

A derivative of PEG-PDLLA was developed by Lee et al. [41] as the
disulfide-bonded mPEG-(Cys)4-PDLLA micelles (DS-PPMs) for the de-
livery of doxorubicin, aiming for strengthening the particle integrity and
for the targeting release in the glutathione (GSH) rich environment of
the cancer tumor. Confocal microscopy was also utilized to record the
vasculature on the mice's ear lobe. The in vivo particle stability of PPMs
and DS-PPMs in the circulation system was semi-quantitatively analyzed
by the proximity ratio (PR). The result was clear that the PR of DS-PPMs
was always higher than the PPMs up to 12 h, meaning that DS-PPMs
retained higher particle stability than PPMs. Next, the biodistribution
and the particle stability of DS-PPMs (alone) in the tumor were studied
using the same FRET confocal microscopy technique. M109 tumor
grafted mice were intravenously injected with DS-PPMs with the tumor
and internal organs harvested after 6 h. The particle integrity of the DS-
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Dye-loading FRET system | Dye-conjugating FRET system
A Triblock Copolymer Micelles C PEG-PCL micelles E PEG-b-PPLG Micelles
PEG-PPG-PEG (loading-conjugating)
:7 & Di0 (Dono) ““nM  PEG-PCL-NBD-X (Donor) @»  Cy5.5 (Donor)
PEG-PPG-PEG @ Dil (Acceptor) M PEG-PCL-MS735 (Acceptor) “w.. @ _ PEGHPPLG-Cy7 (Acceptor)
Triblock copolymer
B Diblock Copolymer Micelles* D PEG-b-PPLG Micelles F PEG-b-PPLG-Diiospropylamine
Polymersomes
“oo...... @B FRET Donor / a ;
Diblock copol @ FRET Acceptor 5 z
.F:E:P;fz: el “e .. PEGH-PPLG-Cy5.5 (Donor) ~—_8. rggr-‘z-sPLG-Duospropylanun&Cy5.5
*PEO-PS “w.. @B _ PEGb-PPLG-Cy7 (Acceptor) )
*PEG-Azo-Nitroimidazole MR TCorrLeDospropyiamine Cy7

Fig. 4. Schematic illustration summarizing the FRET system of polymeric micelles. Nanoparticles with dye-loading FRET system include A) Triblock copolymer
micelles PEG-PPG-PEG, B) Diblock copolymer micelles including PEG-PDLLA, PEO-PS, PEG-Azo-Nitroimidazole. Nanoparticles with dye-conjugating FRET system
include C) PEG-PCL micelles, D) PEG-b-PPLG micelles with Cy5.5 and Cy7 conjugation, E) PEG-b-PPLG micelles with Cy5.5 loading and Cy7 conjugation, F) PEG-b-
PPLG polymersomes with Cy5.5 and Cy7 conjugation.

A

Lipid Nanocapsules

\O—* Surfactant
]

Fig. 5. Schematic illustration summarizing the published FRET system of lipid nanocapsules and liposomes. A) Lipid nanocapsules with the FRET system of Dil and
DiD from Gravier et al. [29] as an example. B) Liposomes with the FRET system of DiD and DiR from Liu et al. [48] as an example. FRET dyes are co-encapsulated
inside the lipid compartment of the nanoparticles.
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YPGA-EGTA nanopatrticles

Cc

bioconjugate nanoparticles nanoparticles
?
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O Ny
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N
¢ P ae o
@ DiO (D PGA-EGTA Cy3 (D
- gl T S
SQGem  SQCy55  SQCy7 i i VW Insulin mm Cy5 (Acceptor)
(Donor) (Acceptor) iRGD-PEG-HA-DOCA Ca,(PO,),

Fig. 6. Schematic illustration summarizing the published FRET system of the nanospheres. A) Squalene-gemcitabine bioconjugate nanoparticles with the FRET dye
Cy5.5 and Cy7 conjugating to squalene. B) Biomineralized iRGD-PEG-HA-DOCA nanoparticles with the FRET dyes DiO and DiD loading inside the polymer matrix. C)
yYPGA-EGTA nanoparticles with the FRET dyes Cy3 and Cy5 conjugating to insulin ant then loaded inside the polymer matrix.

A

Coumarin-6 nanocrystals

Coumarin-6 (Donor)
© Dil (Acceptor)

Curcumin nanocrystals

@ Perylene (Donor)
@ H,TPyP (Acceptor)
Curcumin

Fig. 7. Schematic illustration summarizing the published FRET system of the nanocrystals, in which FRET dyes are dispersed inside the nanocrystal. A) Coumarin-6
nanocrystals, which coumarin-6 itself acts as FRET donor to the acceptor Dil. B) Coumarin nanocrystal with the FRET system of perylene and H,TPyP

(porphyrin derivative).

PPMs was analyzed semi-quantitatively by FRET in the tumor vascula-
ture vs. the tumor cells. DS-PPMs retained their integrity in the tumor
vasculature (PR = 0.66) while dissociated in the tumor cell (PR = 0.31).
FRET images from other ex vivo organs (liver, spleen, lungs, kidney)
were analyzed qualitatively, and a strong FRET acceptor signal was
visually observed. This means that DS-PPMs have a highly targeting
release in the tumor. Further study on the efficacy of doxorubicin
encapsulated DS-PPMs (DOX-DS-PPMs) showed a 7-times increase of
doxorubicin accumulation in the tumor and higher tumor suppression
efficacy, compared with the conventional non-disulfide doxorubicin
encapsulated PPMs (DOX-PPMs), which had poorer in vivo particle sta-
bility. This study really demonstrated that the in vivo particle integrity of
the nanocarrier really has an effect on drug efficacy and delivery, and
FRET is proved as a very practical tool to investigate it.

These studies really demonstrated a series of technical development
of FRET application for the live in vivo test using confocal microscopy.
However, the intravital imaging of liver vasculature is rather compli-
cating and invasive to the animal (an advanced surgical procedure to
open a living rat's liver and keep them alive for an extended period of

162

time).

4.1.2. Imaging of ex vivo tissue slides by FRET-CFM

For this technique, only liposome systems were described. Firstly,
Tang et al. [55] performed the FRET semi-quantitative assay to inves-
tigate the particle stability of liposomes (LPs) vs. D-self-peptide-labeled
liposomes (DSL) in the mouse's liver. DSL was designed to have a high
adsorption affinity to the cell membrane of the various hepatic cells,
blocking the hepatic cell's endocytosis and the hepatic clearance of the
actual therapeutic nanoparticles that would be administrated later. As
such, DSL was expected to have long particle stability on the liver cell
membrane surface. For the FRET assay, carbocyanine dyes DiO (donor)
and Dil (acceptor) were co-encapsulated inside the liposomes (LPs)
voids. Mice were intravenously injected with the FRET-LPs and FRET-
DSL. They were then sacrificed after 0.5, 4, 24 h with their liver har-
vested and sliced by a microtome. The FRET fluorescence image of the
sliced liver sample was taken using a microplate reader. The fluores-
cence intensity was retrieved from the image allowing for the FRET
proximity ratio to be calculated and normalized to the time zero (called
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Telodendrimers nanoparticles

@ DiO (Donor)

) Rhodamine B
(Acceptor)

PEG?®-Cholic acid Telodendrimers
Conjugated with Rhodamine B

Fig. 8. Schematic illustration summarizing the FRET system of telodendrimers
nanoparticles. DiO was loaded to the cholic acid core, and rhodamine B was
covalently conjugated to telodendrimers. Adapted with permission from [54],
Copyright 2012 American Chemical Society.

% relative FRET ratio). FRET-DSL was found to be more stable than
FRET-LPs in the mouse's liver after 24 h, suggesting a slower elimination
of DSL from the liver. DLS was later verified to be more effective than the
conventional LPs to block the hepatic clearance of the amphotericin B
encapsulated PLGA-Nanoparticles. This resulted in a prolonged circu-
lation of amphotericin B and the increase in its effectiveness against the
brain's fungal infection in a mouse model. This research again shows the
usefulness of FRET to analyze the in vivo particle stability of LPs.

Liu et al. [48] also used the qualitative FRET imaging by confocal
microscopy to study the oral absorption of liposomes (LPs). The jejunum
section was selected for the in vivo intestinal epithelial uptake experi-
ment. Male Sprague-Dawley rats were anesthetized, and the FRET-LPs
were directly injected into the jejunum and ileum where the Peyer's
patches were situated. After 2 h, the said intestinal section was har-
vested, immobilized, frozen, and further stained with DAPI for revealing
tissue structure. Then, the intestinal sample was sliced and put under the
CFM for magnified imaging. Its visible presence signified the intact
FRET-LPs that migrated through the epithelium layer of jejunum and
ileum. However, the FRET signal could not be quantifiable with the
confocal microscopy, making this only the qualitative assay. It was
observed that the intact cationic LPs and PEGylated LPs had a higher
FRET intensity throughout the jejunum's epithelium, suggesting their
better uptake.

4.1.3. FRET-CFM with zebrafish larva

4.1.3.1. Nanocrystals. Li et al. [52] demonstrated the use of qualitative
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FRET with the zebrafish larva model for the first time for investigating
the particle stability of FRET-nanocrystal. The in vivo particle stability
was qualitatively studied by exposing zebrafishes (Danio rerio) and their
larvae with the FRET-nanocrystals using the incubation method. After a
specific time period, fluorescence images of the fishes and the larvae
were taken using confocal microscopy. The presence of the FRET
acceptor signals in the imagery determines the presence of stable
nanocrystals in the zebrafish larvae. Imaging results found the increase
in FRET intensity signal over time 60 min indicating that the nanocrystal
absorbed into the larva gradually. Unfortunately, FRET was only used
qualitatively and briefly in this research, and only coumarin-6 (FRET
donor) was further analyzed for their accumulation in organs regardless
of the particle integrity.

4.1.3.2. Micelles. Another study using FRET with a zebrafish larva
model was performed by Tao et al. [43]. The semi-quantitative FRET
technique was employed to study the in vivo particle stability and the
cargo release of the ordinary PEG-PPG-PEG micelles (OPMs) and the
disulfide bond cross-link PMs (CPMs). The FRET-micelles were injected
into the circulatory system of the zebrafish's larva using a microneedle.
Over specific time points, the live fluorescence images of the fishes were
taken by confocal microscopy. At first, the image was qualitatively
analyzed by determining the presence of the FRET acceptor signal in the
caudal veins and caudal arteries. Then, both the FRET donor and the
FRET acceptor signals were quantified by the software (Fig. 10.). In this
case, the FRET donor (DiO) signal means the released core content, and
the FRET acceptor (Dil) signal determines the relative amount of the
intact micelles. Then, the FRET proximity ratio was calculated and
normalized to 100% (called % integrity), being used as another integrity
parameter. CPMs were found to be more stable than PMs. After 1 h,
CPM s retained 60% integrity in contrast to 30% integrity of OPMs. Next,
in order to investigate the cargo release dynamic, the fluorescence in-
tensity of the donor channel and FRET channel were directly compared
in their arbitrary unit. In this article, the donor signal from DiO was
considered the signal of the free DiO released from the OPMs, meaning
that it was the measurement of the dequenching of DiO. Despite the fact
that the donor dequenching may imply the release of the free donor dye,
the donor (de)quenching intensity alone is not adequate as the proof of
FRET [22], i.e., not the proof of integrity or content release. As such, the
donor intensity can be, at best, a qualitative parameter for the cargo
release. Generally, the FRET proximity ratio is adequate for the deter-
mination of the cargo release dynamics.

4.2. FRET in vivo nanoparticle tracking by in vivo imaging system (IVIS)

For animals such as rats or mice, the IVIS allows for live imaging of
either whole-body animals, ex vivo organs, or even blood samples. It also
comes with the quantification software to quantify the emission in-
tensity from the area of interest in the image allowing both qualitative
imagery and semi-quantitative assay.

4.2.1. FRET-IVIS for live whole-body and ex vivo organs imaging

4.2.1.1. Micelles. Zou et al. [44] demonstrated the use of a semi-
quantitative FRET assay for the first time using IVIS to study the cargo
release of PEO-PS micelles. For this experiment, FRET was measured
from two perspectives. The first perspective is like an ordinary FRET
system in which DiD and DiR were co-loaded into the micelles and
administrated to the test subject. Then, decreasing FRET signals signifies
the cargo release or the micelle dissociation. Nevertheless, to focus on
the released content, this conventional co-loaded system has a draw-
back. Because, if the released dyes still accumulate together, they will
still give too bright a FRET signal that makes it very difficult to be
distinguished from the FRET of the intact micelle. Therefore, the second
perspective was developed to fix this problem. This time, DiD and DiR
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‘r'able 2 (continued)

i were separately loaded into the micelles, making the DiD-micelles and
5 o) the DiR-micelles. Then they were mixed with the same proportion and
& 55 ¥ administered to the test subject. Thus, this is like a reversed FRET
e == = measurement that there is no FRET at the beginning. And then, the in-
o o o crease in FRET signals would only signify the released content, making it
2 3 2 itive than the co-loaded FRET system in studying the release
- g g Z more sensitive ! ying
g =] ] dynamics. These techniques could be used for either in vitro or in vivo
%5 g_ g_ g_ release studies. For the in vivo study, mice were divided into two groups,
el £ E ] with one injected with the FRET-PEO-PS (the ordinary FRET system) and
= @ a 3 the other with the DiD-PEO-PS and DiR-PEO-PS mixture (the reversed
FRET system). IVIS was used to obtain the full-body image and the
fluorescence intensity value for calculating the FRET proximity ratio
g .g' § (PR, called FRET ratio in the article). The PR from the ordinary FRET
. E § B system would decrease while the PR from the reversed FRET would
E §8 E‘ g increase. Thus, over time, the PR from the two FRET perspectives would
A §§ TE meet and become equal, from which it indicates the end of the cargo
§ 49§ 2§ release (Fig. 11). The difference between the ordinary PR and the
% 'é 'é E £8§ reversed FRET PR could be calculated giving the release kinetics value,
E g8 g g' 2 where the release half-life of FRET-PEO-PS was found to be 9.2 min in a
E 2387 = £ mouse model. However, this release kinetic was too fast and inefficient
& Sinks ala for drug delivery to the tumor site. Thus, the oleic acid-coated iron oxide
A nanoparticles (IONPs) were incorporated into FRET-PEO-PS (becoming
§ FRET-PEO-PS-IONP) to increase the lipophilicity of the nanocarriers.
3 This strategy was proved to be successful as the release kinetics half-life
% 2 " measured by the same FRET-IVIS technique was found to be 50.8 min.
5 - s Increasing lipophilicity o -PS could slow down the premature
5 ;c :’o s I ing lipophilicity of PEO-PS Id slow d th
= 3 :?’ 5 2 release and hence improves drug delivery to the tumor. Thus, this study
; é 2 § 2 £ successfully demonstrated an advanced application of the semi-
< =E U = S quantitative FRET technique to determine the cargo release kinetics
£  with the benefit of live imagery using IVIS. It would be very interesting
‘B to develop further the quantitative technique based on this approach
"g 3 g3 g 2 because this technique really allows both particle stability and release
CR: 22 2 2 kinetics of the nanoparticles to be determined.
i Morton and Quadir et al. [46] demonstrated the use of FRET semi-
o %  quantitative assay on the particle stability, biodistribution, and cargo
g 3 g £ release of PEG-b-PPLG micelles (PPMs). Basically, the dye-conjugating
E g & & k) ) =  FRET system was used as a standard as Cy5.5 and Cy7 were both con-
2 25 =] £ E’ jugated to PPLG and then mixed together to form the co-conjugated
% 2  FRET-micelles (FRET-CPPMs), which represents blank-micelles. More-
E %5 b} § over, the mixed system was employed, as Cy5.5 (donor) was loaded into
52 % 5 ¢ % 2 the Cy7-conjugating micelles (FRET-PPM-Cy7) representing drug
s § % § = E %' loading-micelles. Technically, the co-conjugated dye system determined
g E § § § S a 2 . = £ onlythedissociation of the micelles, while the mixed system allowed the
§- & 2 & Ly é determination of both dissociation and cargo release. However, in the
g E E E "S‘ g pharmacokinetics study, they practically gave the same information of
g §. § _§ g 23 micelles stability since micelles dissociation and cargo release occur at
57 2 - o - g § g '5 E o ©  the same time. For this experiment, the FRET assay was performed on a
REE @ 2 g g ‘g g 8 E S’, mouse model using both FRET dye systems in comparison to each other.
5 g E E g S ¥ Mice were intravenously injected with FRET-CPPM and FRET-PPM-Cy?7.
§_ = E‘ E* g VR The relative plasma particle concentration of FRET-CPPMs and FRET-
5 ] g g % 5 _§ g PPM-Cy7 was determined by two methods, both using IVIS. The first
B Eo oo - g gEEZ2 £ g S was by the FRET intensity obtained from the live full-body image
= E En 3 2 §' & (2 ﬁ s = E 2 (Fig. 12A). The FRET proximity ratio (PR) was calculated and normal-
= 2 ’g n o § g s g, ized to the percentage called % FRET efficiency (Fig. 12C). The second
g = g 8 a| 8 g :‘:;- 2: :’,: ® £ & WwasbytheFRET intensity from the blood sample (Fig. 12B). PR was then
g § &0 g NS ?é’ _E = < ,‘; 2 8 F ) &  normalized to the percentage of the initial PPMs concentration called %
@ 3 % ‘505 b <4 & g .§ 288 E 2 ‘g % injected dose (%ID) (Fig. 12D). The result suggested that both the %
E g 2 -55 3 g 2 § g g g § T § . % :g 8 FRET efficiency and the %ID were correlated and in accordance. The
E g A 3 g ..g ué 'Ef 2 é £  information from the %ID was more accurate because it came directly
g ® ‘g End S-S 528 ] of ?;" from blood with less signal interference from skin or other organs. As
o P S.|= g g =< 8%4W %S such the blood clearance halflife of the micelles was obtained
% § g g oga g %8 @m :% f % 9‘. A § (Fig. 12D). In addition, the biodistribution was also studied using IVIS.
E o T s . % fas “g £ 8 GO0 @ g “”’ £ < Internal organs, including the mice's blood, were harvested for FRET
g 38 ES.{ 2z g e% T 'ﬁ ARBA 3 S a t J" intensity measurement. The result indicated a high accumulation of the
£ 92 =89 §5 % wahn s ; E‘ A &  intact micelles in the liver. This study really showed the flexibility and
Z a R -3 =! E;Q:e%smmmw
CEAARAARELZS utlity of IVIS with different experimental techniques to semi-
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Fig. 9. An example of qualitative live in vivo FRET imaging analysis using confocal microscopy, by Ishizawa et al. [42]. PEG-PDLLA micelles were analyzed for the in
vivo particle stability and biodistribution to the liver. A) FRET images of mouse's earlobe vasculatures. B) FRET images of mouse's liver vasculatures. The Figure shows
that the FRET signal of FRET-PEG-PDLLA was found outside liver vasculature suggesting the intact nanoparticle's extravasation to liver cells. A drop in FRET signal
and increase in donor signal in liver cells at 4 h also indicates nanoparticle's dissociation in liver cells. Reprinted from [42], Copyright 2020, with permission from

Elsevier and American Pharmacist Association.

quantitatively analyze the plasma particle concentration and bio-
distribution by FRET.

Then, Ishizawa et al. [42] improved the semi-quantitative FRET
technique used for PEG-PDLLA by using IVIS to capture the live full-
body image of a mouse. DiD/DiR FRET system has a FRET acceptor
emission spectrum closer to the near-infrared range than DiO/Dil system
providing a higher tissue penetration ability, which is more suitable for
the live full-body imagery. Mice were injected with FRET-PPMs. The
FRET fluorescence signals were taken from the mice's chest and
abdomen area, as well as the ex vivo organs at several time points up to 8
h. With the quantification software, IVIS gave the average intensity
value. Thus, the FRET proximity ratio (called FRET ratio in the article) of
the whole-body and ex vivo organs image signals was calculated. Then,
the particle stability and the biodistribution were semi-quantitatively
determined. The proximity ratio was calibrated with FRET-PPMs in
PBS as the positive control and the one in ethanol as the negative control
of the integrity. FRET-PPMs were found to dissociate over time with
high accumulation in the liver and the lungs.

Finally, PEG-Azo-Nitroimidazole is a hypoxia-responsive micelle
developed by Guo et al. [30] for drug delivery to the hypoxic environ-
ment of a tumor. Tumor-bearing mice were used in this experiment, and
the FRET-micelles were directly administrated into the tumor. After
specific time points, the IVIS was employed to take the live fluorescence
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image of the tumor. The ratio between the intensity of the FRET acceptor
and the donor was calculated and used as the semi-quantitative
parameter for the cargo release. The intensity ratio of the nitro-
imidazole micelles was found to have a greater decrease when compared
to the nitroimidazole-free micelles (control), suggesting a better cargo
release of the nitroimidazole micelles in the tumor environment. The in
vivo FRET technique helped to prove the hypoxia-responsive efficacy of
the nitroimidazole micelles, which was one of the most important aims
of this study.

4.2.1.2. Polymersomes. Quadir and Morton et al. [45], developed
PEGS5k-b-PPLG-Diiospropylamine (PPD) polymersomes developed. Un-
like the normal PEG-b-PPLG, this polymer rearranges into a bilayer and
becomes polymersomes with PEG to form an outer shell. The PPD-
polymersomes are also designed to be acid pH-responsive dissociation,
aiming for drug release in the acidic environment of a cancer tumor. The
FRET intensity from ex vivo organs and blood samples was measured by
IVIS and normalized with that of the injected dose to become the %
injected dose (%ID). Thus, the semi-quantitative biodistribution data
and the relative particle concentration of the intact FRET-PPD-
polymersomes in a tumor-bearing mouse model were provided. The
intact FRET-PPD-polymersomes were found to accumulate in the liver at
21%ID and in the tumor at 3%ID after 24 h. Doxorubicin-loaded PPD-
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Fig. 10. An example of a semi-quantitative FRET live imaging assay in zebrafish larva model using confocal microscopy, by Tao et al. [43]. PEG-PPG-PEG micelles
(PMs) were analyzed for the in vivo particle stability. A) Live FRET imaging of the ordinary PMs (OPMs) and B) Live FRET imaging of the disulfide bond cross-link
PMs (CPMs). FRET signal of FRET-CPMs was stronger than FRET-OPMs after 1 h, suggesting higher stability of FRET-OPMs due to the disulfide bond cross-link. The
bottom row shows the FRET spectra in terms of proximity ratio, which was semi-quantified as %integrity. Reprinted from [43], Copyright 2020, with permission
from Elsevier.
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Fig. 11. Schematic illustration summarizes the released dynamic study using the reversed FRET technique developed by Zou et al. [44]. Reprinted with permission
from [44], Copyright 2013 American Chemical Society.

polymersomes also showed a tumor suppression effect in mice when 4.2.1.3. Lipid nanoparticles. Lainé et al. [56] developed the FRET
compared to the untreated group. technique to qualitatively study the biodistribution of lipid nano-
capsules (LNCs), DSPE-mPEG-2000 lipid nanocapsules (DPEG-LNCs),
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Fig. 12. An example of semi-quantitative FRET imaging analysis in a wide range of samples from mouse model using IVIS, by Morton et al. [46]. PED-b-PPLG
micelles (PPMs) were analyzed for the in vivo plasma particle concentration and biodistribution. A) Live whole-body FRET IVIS image analysis showing the bio-
distribution of intact micelles. B) FRET IVIS image analysis of ex vivo organs: liver (Li), spleen (S), kidney (K), heart (H), lungs (Lu), and blood (Bl) showing the organ
biodistribution and particle stability in the circulatory system. C) PR (called % FRET efficiency in the article) of the blood sample analyzed by IVIS. D) PR normalized
to the percentage of the initial PPMs concentration called % injected dose (%ID) with the blood clearance half-life calculated following the two-compartment
pharmacokinetics model. Reprinted from [46], Copyright 2014, with permission from Elsevier.

and lipid nanoemulsions (LNEs). The pair of FRET dyes were co-
encapsulated inside the LNCs, DPEG-LNCs, and LNEs. These FRET
nanoparticles were intravenously injected into nude mice. Using IVIS,
the fluorescence image of the mice was recorded over time from the
FRET channel and free FP730-C18 (acceptor dye) channel. The image
deconvolution technique was employed to differentiate the three emis-
sion signals from each other by calibrating each signal with the signal
from FRET-LNCs vs. the mixture of DiD-LNCs FP730-C18-LNCs (likewise
for LNEs); and then converting them to pseudocolors. The visible pres-
ence of FRET pseudocolors over the area of the mice's body signified the
accumulation of FRET nanoparticles in the internal organ beneath the
area. As such, the biodistribution of FRET-LNCs, FRET-DPEG-LNCs, and
FRET-LNEs to the organs could be identified qualitatively. Image results
of the whole rat body showed that FRET-DPEG-LNCs and FRET-LNEs
had a different biodistribution from the conventional FRET-LNCs.
However, the whole-body image alone can only give an approximative
and inconclusive result for the particle's biodistribution because the
superficial signals from the skin can obscure the signal from deeper
organs. As a result, IVIS images of the ex vivo organs and the blood were
taken to detail the biodistribution. Then, it was revealed that the intact
FRET-DPEG-LNCs had better particle stability in blood at 3 h and less
accumulation in the liver after 24 h when compared with FRET-LNCs. In
conclusion, this IVIS FRET technique could give a qualitative study of
the biodistribution and particle stability of the LNCs and LNEs. How-
ever, even though the IVIS is a quick and non-invasive technique for the
qualitative assay, the obtained result is inadequate. As such, ex vivo
organ imaging is still needed for meaningful interpretation. Finally, a
more complex semi-quantitative FRET technique using the IVIS was also
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used by Gravier et al. [29] for the particle stability and the bio-
distribution of LNCs in the liver and the breast carcinoma tumors. The
FRET dyes were also co-encapsulated inside LNCs or LNEs. The FRET
nanoparticles were intravenously injected into nude mice with TS/A-pc
breast carcinoma tumors. Using the IVIS, FRET was recorded around the
liver and the tumor area. The signals were corrected for the auto-
fluorescence background prior to the injection. Then, the FRET ratio
between the acceptor and the donor signals could be calculated from the
image as FRET Ratio = DiD (Acceptor) signal / Dil (donor) signal and then
converted to the percentage of intact FRET nanoparticles (called %
intact LNCs) via the calibration curve. The calibration curve of the %
intact FRET nanoparticles could be constructed by mixing FRET nano-
particles with various concentrations of Dil-LNCs and DiD-LNCs mixture
ranging from 100% FRET to 0% FRET (100% of Dil-LNCs and DiD-LNCs
mixture). This Dil-LNCs and DiD-LNCs mixture simulated the remnants
of FRET-LNCs when the FRET dyes Dil and DiD were far apart and
yielded no FRET. As such, the % intact LNCs in the liver and the tumor
was obtained. Around 45% of intact LNCs were founded both in the liver
and the tumor after 1 h and then dropped in half after 5 h. After 24 h,
around 5% of the intact LNCs were detected in the tumor but 0% in the
liver, indicating that LNCs were less stable in the liver than in the tumor.
Furthermore, the % intact LNCs of the ex vivo tumor was determined
using the same method but with confocal microscopy. A similar result
was obtained, confirming the results from IVIS. Summarily, this research
demonstrated the use of FRET by both the IVIS and the confocal mi-
croscopy to semi-quantitatively study the biodistribution and the par-
ticle stability in mice's liver and tumor.
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4.2.1.4. Nanocrystals. FRET-curcumin nanocrystals were also devel-
oped by Zhang et al. [53] (called the co-doped curcumin nanoparticles
in the article), aiming for their theragnostic application. Curcumin is a
fluorophore, but in a nanocrystal form, it does not emit fluorescence.
Therefore, FRET was instead employed as the nanocrystal tracker. As
such, the FRET pair of perylene (donor) and 5,10,15,20-tetro(4-pyridyl)
porphyrin (H,TPyP, acceptor) was dissolved inside the curcumin
nanocrystal. However, free curcumin dissolved from the nanocrystals
can still give a fluorescence emission at 520 nm, and that can also be
used as a direct parameter of free curcumin. By using IVIS, it allowed for
the semi-quantitative assay of the biodistribution in a mouse model. The
FRET-curcumin nanocrystal was intravenously injected into xenografted
mice daily for 14 days. Then, the mice were sacrificed with their internal
organs, including a xenografted tumor harvested. The FRET signal from
H,TPyP was then recorded by IVIS. However, the article does not clearly
specify the excitation or the emission wavelength. Besides, the mean
FRET intensity from each organ was obtained and compared with each
other, revealing the relative amount of FRET-curcumin nanocrystal in
each organ. The accumulation of the FRET-nanocrystal was found
mainly in the liver and the tumor.

4.2.2. FRET-IVIS with pseudocolors technique

4.2.2.1. Lipid nanoparticles. Another similar IVIS technique was
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developed by Bouchaala et al. for lipid nanoemulsions (LNEs) [57]. This
time, the FRET pair used was the carbocyanine Cy5.5 and Cy7.5 with a
bulky counterion tetraphenylborate (TPB) added to increase their lip-
ophilicity, making them Cy5.5TPB and Cy7.5TPB, which were employed
as the donor and the acceptor respectively. By increasing the lip-
ophilicity, the TPB-dye had a higher encapsulation capacity in the LNEs.
In this study, FRET-LNEs were injected into the tumor-bearing mice.
IVIS was employed for live whole-body imagery with the excitation at
640 nm, the FRET donor at 700 nm, and the FRET acceptor at 820 nm.
FRET proximity ratio (PR) was calculated from the area of interest,
which is the tumor and the liver areas, and then other ex vivo organs
dissected from the mouse after 24 h. Several mixtures of donor-LNEs and
acceptor-LNEs were used to calibrate the PR to the pseudocolors and
then converted it to the % integrity that could overlay on the IVIS image
(Fig. 13). So, unlike the previous technique, this technique not only
showed the plain FRET intensity but showed the pseudocolors of the
particle integrity itself on the image. The result indicated that the new
TPB-dye gave a higher spatial resolution for IVIS, allowing for the semi-
quantitative % integrity of the FRET-LNEs in the liver and the tumor
area to be determined over time. The biodistribution from the ex vivo
organs also showed a high accumulation of the intact FRET-LNEs and the
in the liver and the tumor. This last study really demonstrated an
impressive improvement in the FRET system for lipid-nanoparticles.
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Fig. 13. An example of a semi-quantitative FRET assay in a tumor-bearing mouse model using IVIS, by Bouchaala et al. [57]. LNEs were analyzed on the in vivo
particle stability and biodistribution. A) and C) The calibration curves between proximity ratio (PR), % integrity, and pseudocolors for the conversion of the FRET
signal to %integrity. B) The IVIS image of the rats injected with FRET-LNEs over 72 h; the last row shows the PR being converted to pseudocolors of the particle
integrity overlaying the tumor-bearing mouse images. D) The proximity ratio information obtained from the tail vein and tumor area expressed as a function of time
and then converted to E) % integrity by the calibration curve in graph C). Adapted from [57]. Copyright 2016, Elsevier under a Creative Commons CC-BY license.
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4.2.2.2. Nanospheres. Later, Cayre et al. [38] demonstrated the appli-
cation of a semi-quantitative FRET assay for the particle stability of
squalene-gemcitabine bioconjugate nanoparticles (SQGem) in mouse
liver. A pair of FRET dyes, Cy5.5 (donor) and Cy7.5 (acceptor), were
conjugated to squalene moiety turning into squalene-Cy5.5 (SQCy5.5)
and squalene-Cy7.5 (SQCy7.5). Then SQGem, SQCy5.5, and SQCy7.5
were all mixed and put to precipitate to form FRET-SQGem nano-
particles. The nanoparticles were intravenously injected into mice, and
the fluorescence images around the liver area were taken using the IVIS.
The fluorescent intensity was converted to the numerical value using
Living Image software (PerkinElmer). Then, the FRET proximity ratio
was calculated to determine the particle integrity. With this method, the
authors hypothesized that the FRET proximity ratio could be correlated
to the proportion of intact FRET-SQGem nanoparticles and dissociated
FRET-SQGem remnants (separated SQCy5.5 and SQCy7.5 moieties)
accumulating in fatty tissues of the liver. Therefore, the proximity ratio
could be converted to the relative percentage of the intact FRET-SQGem,
called %integrity, via the calibration curve. The %integrity calibration
curve was constructed by mixing the fully intact FRET-SQGem nano-
particles with various percentages of the nanoparticles purely made of
the SQCy5.5 or SQCy7.5. The proximity ratio closing to 1.0 was con-
verted to 100% of intact nanoparticles, and a decrease in the proximity
ratio meant a decrease in the population of the intact nanoparticle and
loss of particle stability. The image from IVIS around the mouse's liver
area revealed for the first time that intact FRET-SQGem could be
observed in the liver for 56% at 35 min after the injection and then
dropped to lower than 10% after 2 h, indicating the dissociation of
SQGem in the liver with no persistent accumulation, which is desirable
for reducing liver toxicity. This FRET system allowed for the semi-
quantitative assay of intact FRET-SQGem in the mouse's liver with the
advantage that this technique is non-invasive and can be performed in
live animals. The author suggested that the method could be used for a
future study on the biodistribution of SQGem in other areas of the rat
body. However, this FRET system still had low signal penetration (<1
cm), and the new FRET system with the emission in the NIR-II region
(1000-1700 nm) may need to be developed for a future experiment.

4.2.3. FRET-IVIS for oral nanomedicine

4.2.3.1. Nanospheres. EGTA-conjugated  nanoparticles are the
polymeric-based nanoparticles developed by Chuang et al. [50,51] to
deliver insulin via the oral route. It is a pH-responsive nanoparticle
consisting of chitosan and poly-(y-glutamic acid) conjugated with
ethylene glycol tetra-acetic acid (CS/yPGA-EGTA) in which insulin can
be loaded. The nanoparticles themselves can facilitate paracellular ab-
sorption of insulin as well as protect the insulin from gastrointestinal
enzymes. Therefore, to test the protective effect of the YPGA-EGTA
nanoparticles, insulin stability was investigated in rats by comparing the
naked insulin and the insulin with yPGA-EGTA nanoparticles. FRET was
used for the semi-quantitative assay of insulin stability relating to the
protective effect of YPGA-EGTA nanoparticles. The FRET donor and
acceptor were conjugated to insulin on the opposite end of the amino
chain before being loaded into the nanoparticles (Fig. 4C). Rat's duo-
denum was cut open and tied up to make a closed loop. Then, the FRET-
insulin-loading nanoparticles and naked FRET-insulin were directly
injected into the lumen of the said loop. After specific time points, live
FRET imagery of the duodenum loop was taken over time using IVIS.
FRET acceptor intensity signal was quantified by the software with their
maximum values normalized to 100%. The amount of stable FRET-
insulin was semi-quantitatively estimated. The comparison between
the amount of the naked FRET-insulin and the loading insulin allowed
for the protective effect of the YPGA-EGTA nanoparticles to be deter-
mined. The results found that, in 2 h, the % normalized acceptor in-
tensity of naked insulin plummeted to 40%, while the encapsulated
insulin remained at 80%, meaning that YPGA-EGTA nanoparticles had a
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good protective effect for insulin against the intestinal enzyme. Besides,
the nanoparticle also increased the oral bioavailability of insulin to 18%
when compared to 0.1% by the orally given free-form insulin powder.
The orally given nano-encapsulated insulin significantly reduced plasma
glucose during the oral glucose tolerance test compared to the control
group. This research is the most unique among all since FRET is
implemented to study the stability of the encapsulated insulin rather
than the integrity of the nanoparticles.

4.2.3.2. Liposomes. Semi-quantitative and qualitative FRET application
in the in vivo oral absorption study of the liposomes (LPs) with various
sizes (conventional LPs at 100, 200, 500 nm) and surface modifications
(conventional, anionic, cationic, PEGylated LPs at 200 nm) were also
developed by Liu et al. [48]. Similar to the nanocapsules, carbocyanine
dyes could be directly co-encapsulated inside the LPs voids making the
FRET-LPs. The semi-quantitative FRET technique was developed at first
and employed in the in vitro particle stability experiment, in which
FRET-LPs were incubated in various gastrointestinal fluids. FRET
acceptor signal could be retrieved by using the IVIS. With the quantifi-
cation software, the FRET intensity was converted to the % total radiant
efficiency, which is then normalized to the percentage implying the
number of intact LPs. Thereafter, the same technique could be utilized
for the study of the in vivo particle stability in the gastrointestinal (GI)
tract and biodistribution. Firstly, mice were orally given the FRET-LPs
and then sacrificed at several time points with their GI tract and inter-
nal organs harvested. Then, IVIS was utilized with the whole ex vivo GI
tract image taken, and the FRET intensity was quantified into the % total
radiant efficiency. Thus, the percentage amount of intact FRET-LPs over
4 h in each part of the GI tract (stomach, duodenum, jejunum, etc.) and
other intestinal organs could be estimated. The result indicated that
smaller size conventional LPs, (200 nm) cationic LPs, and (200 nm)
PEGylated LPs were more stable as they could be retained longer in the
GI tract. Besides, no fluorescence signals were found in the ex vivo in-
ternal organs meaning that the intact LPs did not absorb into the cir-
culatory system. Further study on the oral bioavailability of
doxorubicin-encapsulated LPs also had the exact correlation. It
confirmed that better particle stability and longer GI retention of the
small-sized LPs, the cationic LPs, and the PEGylated LPs resulted in the
increase in oral bioavailability of doxorubicin, despite no intact LPs
found in the circulatory system. This article demonstrates that the semi-
quantitative FRET technique could help to elucidate the association
between the LPs particle integrity and the increase in oral bioavailability
of the encapsulated drug, by which it could pave the way to a better LP
design in the future.

4.3. FRET fluorometry of blood and plasma

For the small liquid in vitro samples such as blood, plasma, and small
tissue, a microplate reader or a fluorometer are adequate for obtaining
the fluorescence spectrum and the intensity values of FRET.

4.3.1. Micelles

Semi-quantitative FRET fluorimetry was developed to investigate
and compare the in vivo particle stability and plasma particle concen-
tration of the ordinary non-cross-linked PEGSk-CAs micelles (NCMN)
and the disulfide cross-linked PEGSk-CyS4-CA8 micelles (DCMN) [54].
The FRET-NCMN and FRET-DCMN were injected intravenously into
nude mice with blood collected over time. The samples were then
analyzed for FRET by the microplate reader. The FRET proximity ratio
(PR) was calculated and normalized to the percentage (called % FRET
ratio), allowing for the semi-quantitative assay of the relative plasma
particle concentration (Fig. 14). The result showed that FRET-DCMN
was more stable over 24 h in blood than the FRET-NCMN. Further
FRET in vitro assay was able to evidence that lipoproteins caused the
rapid dissociation of FRET-NCMN.
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Fig. 14. An example of semi-quantitative FRET fluorometry for particle con-
centration assay in a mouse model using microplate reader, by Li et al. [54].
Telodendrimers nanoparticles (DCMN and NCMN) were analyzed for the in vivo
plasma particle concertation. The PR was obtained from mouse blood and then
normalized as a relative percentage (called % FRET ratio in the article).
Reprinted with permission from [54], Copyright 2012 American Chemi-
cal Society.

Zhang et al. [47] also performed the semi-quantitative assay for
analyzing the plasma particle concentration of PEG-PCL micelles. The
FRET-micelles were intravenously injected into mice with blood
collected over time. The plasma was then extracted, and the sample was
analyzed by the fluorimeter. The intensity was converted to the %
integrity via the calibration curve developed specifically for this FRET
system. Similar to the technique of Cayre et al. [38] in the SQGem
nanoparticles, the calibration curve was built by mixing various con-
centrations of the co-conjugated FRET micelles (with NBD-X and MS735
together) with the mixture of NBD-X micelles and MS735 micelles. The
co-conjugated FRET-micelles represent the percentage of the intact mi-
celles, while the mixture of NBD-X micelles and MS735 micelles simu-
late the signals of the dissociated FRET remnants. The % integrity was
considered as a semi-quantitative parameter since it provided only the
relative percentage, not the true particle numbers. The % integrity of the
micelles in plasma declined gradually and reached 60% after 72 h. The
study successfully demonstrated the new FRET pair and the semi-
quantitative FRET technique for determining the plasma particle con-
centration of the micelles in mice.

4.3.2. Nanocrystals

Zhang et al. [53] also utilized semi-quantitative FRET fluorimetry to
determine the plasma particle concentration of FRET-curcumin nano-
crystals. Mice were intravenously injected with the FRET-curcumin
nanocrystal, and the blood was collected for up to 24 h. The plasma
was extracted from the blood sample thereafter and then analyzed for
FRET using the microplate reader. The FRET signal was recorded at 635
nm and converted to the concentration of the FRET-curcumin nano-
crystal expressed in mass concentration (ng/pL). The curcumin nano-
crystals were found in plasma for up to 4 h after a single-dose
intravenous injection (15 mg/kg). However, neither the FRET excita-
tion wavelength nor the quantification calibration curve was elaborated.

4.3.3. Nanospheres

c¢(CRGDKGPDC) peptide (iRGD) modified hyaluronic acid-
—deoxycholic acid conjugate (iRGD-PEG-HA-DOCA, IPHD) is a self-
assembly polymeric nanosphere developed by Liu et al. [49] to deliver
dasatinib to a solid tumor. Dasatinib and FRET pair dyes were loaded
together into the nanoparticles'’ matrix allowing for the semi-
quantitative FRET assay of the plasma particle concentration and in
vivo particle integrity. The nanoparticles were also further
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biomineralized by calcium phosphate, called Ca3(PO4),-iRGD-PEG-HA-
DOCA (CIPHD), by coating with calcium phosphate, aiming for the pH-
responsive property. The FRET-IPHD/Dasatinib and the FRET-CIPHD/
Dasatinib were injected into rats, and blood samples were collected
after several time points. The plasma was separated from the sample and
then analyzed for FRET by the fluorometer. FRET proximity ratio (called
FRET ratio in the article) was calculated and normalized to a percentage.
This value was interpreted as the relative percentage of the nano-
particle's plasma concentration, inferring the in vivo particle integrity of
the FRET-IPHD and FRET-CIPHD.

These FRET experiments aimed at proving whether biomineraliza-
tion increases particle stability or not. The result found that the non-
mineralized FRET-IPHD/Dasatinib was less stable than the mineral-
ized FRET-CIPHD in the rat's blood circulation. The normalized PR of
FRET-CIPDH/Dasatinib in blood stayed at around 60% up to 24 h, while
the normalized PR value from FRET-IPDH/Dasatinib dropped from 77%
to 50% just in 30 min. The higher blood particle stability of CIPHD/
Dasatinib also resulted in a higher AUC and half-life of plasma dasatinib
(analyzed by HPLC, thus indistinguishable between the free drug or the
encapsulated drugs). This also resonated with the in vivo result of
CIPDH/Dasatinib having higher efficacy than IPDH/Dasatinib to in-
crease the survival of tumor-bearing mice. This article is an example that
the FRET semi-quantitative assay helped to prove that higher particle
stability due to biomineralization (not by other processes) contributed to
a better anti-tumor efficacy for this type of nanoparticle.

5. Conclusion

Currently, most of the FRET in vivo nanoparticle tracking techniques
are the qualitative imagery and the semi-quantitative assay on in vivo
particle stability, biodistribution, cargo release, and plasma particle
concentration. Some unique techniques were also developed, such as the
FRET study on the protective effect of the nanoparticle against the in-
testinal enzyme on insulin [50,51], oral absorption [48], and the
reversed FRET for determining the cargo release [44]. It is clear that
FRET is still mainly employed for in vivo particle stability and bio-
distribution study. There are only two in vivo FRET studies on oral ab-
sorption and none from other absorption routes nor the excretion
pathway. It is also obvious that there is a lack of quantitative assay,
which also leads to the lack of advanced pharmacokinetics of the
nanoparticles.

Different instruments were used for the FRET assay, namely CFM,
IVIS, fluorometer, and microplate reader. All the instruments are
capable of performing the semi-quantitative assay, while only CFM and
IVIS can perform qualitative and semi-quantitative imaging analysis.
IVIS has the advantages of being a non-invasive technique and having
high flexibility to analyze various kinds of samples ranging from a well-
plate, ex vivo organs, and live full-body imagery. It turns out that the
spatial resolution of IVIS is rather low due to high signal interference
and low tissue penetration. Therefore, for the biodistribution study, only
large organs such as the liver can give a relatively high resolution for
FRET whole-body live imaging. For other smaller organs, it really needs
validation and correlation from the invasive ex vivo organs imaging or
other techniques such as CFM. Besides, IVIS also requires complex signal
calibration procedures such as the pseudocolors technique in order to be
semi-quantitative. These hurdles make it difficult to obtain the true
quantitative assay on particle numbers to be obtained from IVIS. How-
ever, IVIS is still the popular instrument of choice as being mostly
employed in much recent literature, possibly due to its versatility and
benefits in giving both live imagery and semi-quantitative % intact
nanoparticles. In addition, CFM is less flexible for the use than IVIS. It
was mainly used for analyzing the ex vivo tissue samples or a very small
animal model like zebrafish larva [43,52]. The zebrafish larva as an
animal model is adapted for quickly demonstrating the FRET system as
the larva is transparent and tiny, but one must take into consideration
that the evidence for the clinical translation of this animal model in
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terms of pharmacokinetics is still extremely limited. A rodent model is
still preferential as it has more solid evidence to support its pharmaco-
kinetics translation to humans [58,59] and is also considered a goal
standard in the preclinical stage [60]. Besides, CFM is also utilized for
live FRET imaging on the mouse's earlobe vasculature [41,42]. This
earlobe technique was one of the earliest to be developed using FRET,
but it is limited only to micelles and was overshadowed by the devel-
opment of IVIS. Moreover, the FRET fluorimetry is used only for
analyzing blood samples to obtain the semi-quantitative plasma particle
concentration, as the fluorimeter is not an imaging instrument. Despite
being very specific to the plasma particle concentration, this technique
has the highest potentiality to be developed into a true quantitative
assay, which requires the construction of a proper calibration curve to
link the intensity value or FRET proximity ratio to the particle number.
However, due to the fact that the technique involves extracting nano-
particles from plasma, an extraction method that can ensure the stability
of nanoparticles during the process needs to be implemented.

To conclude, true quantitative in vivo tracking of nanomedicine is
important. Without the information on the intact nanoparticle number
in plasma and organs, it is not possible to perform any advanced phar-
macokinetics such as the physiologically based pharmacokinetic
modeling (PBPK). Thus, this is one of the reasons for the lack of phar-
macokinetic models on the nanomedicine [8], causing a problem in the
translation to the clinical trial. Despite its necessity, there is a lack of
quantitative assay for nanomedicine, even for the in vitro experiments, as
researchers still focus on the pharmacokinetics of the encapsulated
drugs, ignoring the fact that the nanocarriers also have their own fate
that can greatly affect the drug efficacy. In brief, FRET is an effective tool
for in vivo tracking the nanomedicine to investigate the pharmacoki-
netics of nanomedicine, especially the in vivo particle stability and bio-
distribution. However, it still has a limitation for not reaching the level
of true quantitative assay yet. And as such, the advanced pharmacoki-
netic analysis could not be completely achieved.
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Chapter 1: In vitro oral absorption of intact LNCs

Existing cell culture model for intestinal absorption study only have an epithelium
layer and lack the endothelium layer. This might not be problematic for the assay of drug
molecule whose absorption mainly rely on chemical process as the endothelium is so thin
and provide little barrier effect for chemicals compared to thick epithelium. However, for
nanomedicine, the main absorption pathway relies on the biological process, ignoring the
presence of another cell layer in the structure could be problematic as it does not give the
same biological property. Therefore, in order to evaluate the in vitro oral absorption of
nanomedicine, a new coculture model that include both epithelium and endothelium is
needed. Therefore, a new in vitro coculture model between Caco-2 epithelium and HMEC-1
endothelium was developed for evaluating the oral absorption of intact LNCs (Figure 4).
FRET was utilized as a tool to monitor the amount of intact LNCs transporting across the
Transwell®.

This study was published in the journal Pharmaceutics in 2021, named “New in

vitro coculture model for evaluating intestinal absorption of different lipid nanocapsules”.

Caco-2 model New coculture
Caco-2 Caco-2
HMEC-1

Figure 4. Illustration of the Caco-2 model and the new coculture model Caco-2/HMEC-1
in Transwell®. The characteristic of the new coculture model is that the HMEC-1
endothelium is contact Caco-2 epithelium imitating the cellular structure of the gut-blood
barrier.
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Abstract: Standard models used for evaluating the absorption of nanoparticles like Caco-2 ignore
the presence of vascular endothelium, which is a part of the intestinal multi-layered barrier struc-
ture. Therefore, a coculture between the Caco-2 epithelium and HMEC-1 (Human Microvascular
Endothelial Cell type 1) on a Transwell® insert has been developed. The model has been validated
for (a) membrane morphology by transmission electron microscope (TEM); (b) ZO-1 and B-catenin
expression by immunoassay; (c) membrane integrity by trans-epithelial electrical resistance (TEER)
measurement; and (d) apparent permeability of drugs from different biopharmaceutical classification
system (BCS) classes. Lipid nanocapsules (LNCs) were formulated with different sizes (55 and 85 nm)
and surface modifications (DSPE-mPEG (2000) and stearylamine). Nanocapsule integrity and particle
concentration were monitored using the Forster resonance energy transfer (FRET) technique. The
result showed that surface modification by DSPE-mPEG (2000) increased the absorption of 55-nm
LNCs in the coculture model but not in the Caco-2. Summarily, the coculture model was validated as
a tool for evaluating the intestinal absorption of drugs and nanoparticles. The new coculture model
has a different LNCs absorption mechanism suggesting the importance of intestinal endothelium
and reveals that the surface modification of LNCs can modify the in vitro oral absorption.

Keywords: intestinal absorption; Caco-2; HMEC-1; apparent permeability; lipid nanocapsule; forster
resonance energy transfer

1. Introduction

Drug administration by the oral route is considered the most accepted one by patients
for drug delivery due to its convenience. However, some drugs present a low oral bioavail-
ability due to low drug solubility or low intestinal permeability. This low permeability can
be explained by the intestine’s complex multilayer structure, consisting of the mucus bar-
rier, the enterocytic barrier, and the endothelial barrier [1-3]. To improve oral drug delivery,
drug encapsulation into nanocarriers, such as lipid nanocapsules (LNCs), is currently one
of the most promising technologies. LNCs consist of an oily core enclosed by a shell of
pegylated surfactant and phosphatidylcholine and can be prepared by a well-known low-
energy emulsification process: The phase-inversion temperature method [4,5]. LNCs have
sizes ranging from 20 to 100 nm and can also be prepared with different surface-chemistry.
For example, anionic LNCs can be produced by the addition of DSPE-mPEG (2000) [6] and
cationic LNCs by adding stearylamine [7] or chitosan [8,9]. Previous studies demonstrated
that LNCs enhance the in vivo oral bioavailability of paclitaxel, fondaparinux, albendazole,
and praziquantel; and the in vitro intestinal absorption of paclitaxel, Sn38, decitabine,
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acyclovir, and efavirenz [7,10-16]. In addition, the use of the in vitro Caco-2 model allowed
us to describe that LNCs are mainly transported via active endocytosis, or more precisely,
through clathrin-dependent and caveolae-dependent transport mechanisms. Recently,
the application of the Forster resonance energy transfer (FRET) technique coupled with
Nanoparticle Tracking Analysis (NTA) demonstrated that few LNCs (around 0.3% of the
initial quantity of LNCs) were able to be transported intact by transcytosis after passage
through Caco-2 cell monolayer [17].

FRET is a useful technique to monitor the integrity of nanoparticles. It is based
on the interaction between two spatially closed (1-10 nm) fluorophores in which the
emission spectrum of the FRET-donor overlaps with the excitation spectrum of the FRET-
acceptor. The efficacy of the energy transfer between the two fluorophores is related to
their proximity [18-20]. Thus, the loss of FRET-nanoparticles integrity will cause the
FRET fluorophores to be released into the external medium and disperse, widening the
fluorophores” proximity and resulting in the disappearance of the FRET-acceptor emission
spectrum. As such, FRET is currently the only technique that can be used to follow the
passage of intact nanoparticles in biological fluids or organisms. By a combination of the
FRET technique with the NTA, Roger et al. developed a quantitative method to measure
the particle concentration of intact LNCs [21], making this a precise tool for monitoring the
membrane transport of nanocarriers.

Nevertheless, to date, the study on the membrane transport of LNCs across the
intestinal barrier has been done only in the Caco-2 model, which consists of a monolayer
of immortalized enterocyte cells cultivated on a semi-permeable membrane [22-25]. This
model is the most commonly used and considered as a reference model for evaluating
intestinal drug permeability. The Caco-2 model is used by regulatory agencies such as
the USFDA (U.S. Food and Drug Administration) and the ICH (International Council for
Harmonization) to establish the biopharmaceutics classification system (BCS) that classifies
drugs based on permeability and solubility. The BCS classes can be defined by the apparent
permeability (Papp) of drugs in the Caco-2 model. Drugs with high permeability (class I
and II) and low permeability (class III and IV) are defined by the Papp > 10 x 107 cm/s
and Pgpp <2 X 106 cm/s, respectively. Drugs with the Py, between 2-10 x 10~6 cm/s
are classified on a case-by-case basis because other pharmacokinetics parameters can
influence their permeability [26-28]. Over the past few years, the Caco-2 model has been
improved with other cell types added as a coculture system (e.g., HT-29, Raji-B coculture
model) [22,29,30]. However, all these models for studying intestinal absorption ignore the
endothelium layer that LNCs have to cross before reaching blood circulation. A recent
study demonstrated that the intestinal endothelium plays a major role as a barrier against
antigen and nutrients transport similar to the blood-brain barrier [31]. Another in vivo
study in rats suggested that the disruption of the endothelium allows pathogens to enter
the systemic circulation, strengthening the involvement of the intestinal endothelium in
the mechanisms of oral absorption [32,33]. However, the role of intestinal endothelium in
regulating drug absorption has never been studied. Besides, endothelium in other barriers
such as the pulmonary endothelium (air-blood barrier) has been recently found to have a
significant role in regulating the absorption of drugs and macromolecules [34]. Therefore,
the role of the intestinal endothelium on drugs and nanoparticle absorption needs to be
elucidated. Recently, Kasper et al. [35] developed an in vitro intestinal coculture model
comprising Caco-2 and human hemangiosarcoma-derived endothelial cells (ISO-HAS-
1), but the model was used for studying the pathophysiology of the inflamed intestinal
membrane, not for drug absorption. The objective of the present study is to develop and
validate a new in vitro coculture model in order to systematically evaluate, for the first
time, the transport of different LNCs across the intestinal epithelial-endothelial barrier.

In this context, we developed a new coculture model that can better mimic the gut-
blood barrier structure for studying the membrane transport of intact lipid nanocapsules.
Caco-2 cells and Human Microvascular Endothelial Cell type 1 (HMEC-1) were seeded
on the apical and basolateral side of the Transwell® plate, respectively. This model was
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characterized by membrane morphology, tight junction expression, and trans-epithelial
electric resistance. Five different drugs were selected based on their physicochemical
characteristics as a representation of drugs in general with different permeability and
solubility according to the BCS [26-28]. Their permeability was evaluated in the coculture
model in comparison with the reference Caco-2 model for the conformity with BCS. LNCs
with different sizes (55 and 85 nm) and different surface chemistries (DSPE-mPEG (2000)
and stearylamine) were formulated and loaded with FRET dyes [35]. The transport of
intact FRET-LNCs was investigated across the newly developed coculture compared to the
well-established Caco-2 model, using the quantitative FRET fluorimetry technique coupled
with the NTA to quantify the particle concentration of intact LNCs.

2. Materials and Methods
2.1. Materials

Caco-2 and HMEC-1 cells were obtained from American Type Culture Collection (Man-
assas, VA, USA). Sodium chloride, sodium tetraphenylborate, ethyl acetate, dichloromethane,
methanol, triton X-100, Trizma® (base), anti-B-catenin rabbit mAb, anti-TJP1 (tight junc-
tion protein-1; a.k.a. ZO-1, zonula occludens-1) rabbit mAb, collagen type 1 (calf skin),
4/ 6-diamidino-2-phenylindole (DAPI), Dulbecco’s modified Eagle’s medium (DMEM
D6429, with 4500 mg/L glucose, L-glutamine, sodium pyruvate, and sodium bicarbonate),
dimethyl sulfoxide (DMSO), epidermal growth factor, hydrocortisone HCl powder for
injection, Osmium tetroxide (OsOy4), Epon™ 812 resin, metoprolol tartrate, propranolol
HCl, naproxen, atenolol and furosemide, and stearylamine were purchased from Sigma-
Aldrich (Saint-Quentin Fallavier, France). Hank’s balanced salted solution (HBSS), MCDB
131 medium (Gibco 10372-019), penicillin-streptomycin solution, goat anti-rabbit IgG
Alexa Flour® 488, Dil (1,10-dioctadecyl-3,3,30,30-tetramethyl-indocarbocyanine perchlo-
rate), and DiD (1,1’-dioctadecyl-3,3,3’,3'-tetramethylindo-dicarbocyanine perchlorate) were
purchased from Thermofisher (Villebon-sur-Yvette, France). Amphotericin B, Phosphate-
buffered saline (PBS), and L-glutamine were purchased from PAA Laboratories (Toronto,
ON, Canada). Fetal bovine serum (FBS) was purchased from Biowest (Nuaillé, France).
Paraformaldehyde 32% and glutaraldehyde 25% were purchased from Electron Microscopy
Science (Hatfield, PA, USA). Nonessential amino acid (NEAA) was purchased from Lonza
(Verviers, Belgium). Ultrapure water was obtained from a Milli-Q® Advantage A10 System
(Merck Millipore, Darmstadt, Germany). Costar® Transwell® (12-well, polycarbonate
membrane filters, 0.4 pm pore size, 1.12 cm? growth area) and T75 cell culture flasks
were purchased from Costar (New York, NY, USA). Captex® 8000 (glyceryl tricaprylate)
was kindly provided by Abitec Corporation (Columbus, OH, USA). Lipoid® S75-3 (phos-
phatidylcholine and phosphatidylethanolamine mixture) was purchased from Lipoid
GmbH (Steinhausen, Switzerland); Kolliphor® HS-15 (PEG 660 and polyethylene glycol 660
hydroxystearate mixture) from BASF (Ludwigshafen, Germany); and DSPE-mPEG(2000)
(1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]
(ammonium salt)) from Avanti Polar Lipids (Alabaster, AL, USA).

2.2. Caco-2 and HMEC-1 Cells Culture

Caco-2 cells were cultured between passage 18 and 27 in DMEM medium supple-
mented with 20% v/v FBS, 1% v/v non-essential amino acids and 100 UI/mL penicillin,
0.5 mg/mL streptomycin. HMEC-1 cells were cultured between passage 4 and 12 in MCDB
131 medium supplemented with 10% v/v FBS, 2 mM/mL L-glutamine, 100 UI/mL peni-
cillin, 0.5 mg/mL streptomycin, 2.5 pg/mL amphotericin B, 1 pg/mL hydrocortisone, and
0.01 pg/mL epidermal growth factor. Cells were cultured in a T75 flask (75 cm?) and
incubated at 37 °C in humidified air with 5% CO,.

2.3. Caco-2/HMEC-1 Monoculture and Coculture on Transwell®

The polycarbonate membrane filters (0.4 um pore size, 1.12 cm? growth area) in
Transwell® inserts were coated with collagen type-1 for 8 ug/cm? on the apical side and
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25 ug/ cm? on the basolateral side [28]. Caco-2 cells (1 x 10 cells) were seeded onto the
apical side of the coated filter and cultured in DMEM medium, which was changed every
2-3 days. On day 18, the Transwell® inserts were taken out, flipped upside down, and
submerged under DMEM medium in a sterile basin with no bubbles trapped underneath
the filter. Then, 5 x 10* HMEC-1 cells were seeded onto the basolateral surface of the filter
and were incubated for 2 h at room temperature. The inserts were then placed back into
the Transwell® chambers. The Caco-2 media and the HMEC-1 media were filled in the
upper chamber and the lower chamber, respectively, and were changed every two days.
The coculture membranes were used on day 22 of Caco-2 cells and day 4 of HMEC-1 cells.
Moreover, 1 x 10° Caco-2 cells and 5 x 10* HMEC-1 cells were separately seeded on the
Transwell® inserts for the monoculture and then used as control.

2.4. Membrane Morphology
2.4.1. Transmission Electron Microscopy (TEM)

Caco-2/HMEC-1 cell membranes in Transwell® inserts were washed with HBSS and
fixed with 2.5% v/v glutaraldehyde in phosphate buffer pH 7.4 for 1 h at room temperature,
then replaced with phosphate buffer pH 7.4. Afterward, 1% w/v OsO4 was added to the
cell samples and kept for 1 h at room temperature. Then, the samples were washed three
times by deionized water and subsequently dehydrated by 50%, 70%, and 95% ethanol
twice and four times with 100% ethanol. Next, the samples were embedded in Epon™ 812
resin, which was left to polymerize for 24 h at 60 °C. Thin slices (60 nm) were cut from
each sample using Leica UC7 ultramicrotome (Leica microsystems, Wetzlar, Germany) and
deposited onto copper grids. The samples were stained with 3% uranyl acetate in 50%
ethanol for 5 min and washed with deionized water. The samples were left to dry and then
examined using the JEOL JEM-1400 electron microscope (JEOL, Tokyo, Japan).

2.4.2. Confocal Fluorescence Microscopy

Caco-2, HMEC-1, and Caco-2/HMEC-1 cell layers on Transwell® inserts were fixed
for 20 min with 4% v /v paraformaldehyde at room temperature. The cells were washed
three times with TBS and then permeabilized for 10 min with 0.5% v /v Triton X-100 in TBS
at room temperature. After washing out three times with TBS, 5% w/v, FBS was added and
rinsed out three times by TBS after 1 h. Anti-p-catenin rabbit monoclonal antibodies (mAb)
(1:300 in 2% w/v FBS in TBS) and Anti-ZO-1 rabbit mAb (1:300 in 2% w/v FBS in TBS) were
separately added to the cells kept overnight at 4 °C. Then cells were rinsed out three times
by TBS, and the fluorescence-labeled secondary antibody goat anti-rabbit IgG Alexa Fluor®
488 (1:500 in 2% w/v FBS in TBS) was added and kept overnight at 4 °C. Then, the cells
were washed three times with TBS before stained with DAPI (3 pg/mL in TBS) for 10 min
at room temperature. Finally, the filter membranes were cut from the Transwell® and
mounted between microslides. The immunofluorescent staining images of cell confluency
and tight junction structure were characterized by Leica TCS SP8 laser-scanning confocal
microscope (Leica Microsystems, Heidelberg, Germany) with the excitation and emission
wavelength of 488 and 520 nm, respectively, for tight junction protein ZO-1 and adherens
junction protein p-catenin, and 405 nm and 461 nm, respectively, for cell nuclei. The
software Leica Application Suite X was used for 3D visualization.

2.4.3. Trans-Epithelial Electrical Resistance (TEER)

TEER (Q-cm?) of the Caco-2 and the coculture cell layers were measured by the
Millicell® ESR-2 volt-ohmmeter (Merck Millipore Corporation, Burlington, MA, USA) on
days 4, 11, 18, 21, and 22. The values were corrected by the resistance of blank Transwell®
insert following the equation:

TEER = (Riotal — Rplank) X A (1)

when Ry, is the measured resistance ((2), Rpjany is the arithmetic mean of the resistance of
blank Transwell® insert (110 (), and A is the area of Transwell® filter (1.12 cm?).
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2.5. Transport Assay of the Free Drugs
2.5.1. Transport Assay Experiment

Five reference drugs were chosen as a representation of drugs with different solubility
and permeability according to the biopharmaceutical classification system (BCS) [36] (see
Table 1). The drugs were firstly dissolved in ultrapure water (if necessary, methanol could
be used to dissolve the drugs with the final concentration of methanol less than 0.02%
v/v) and then serially diluted in HBSS to 5 uM. 1.5 mL of HBSS and 0.5 mL of diluted
drug solutions were added to the basolateral and apical chambers of the Transwell® wells,
respectively. Studies were performed on the Caco-2/HMEC-1 coculture model, the Caco-
2 model, the HMEC-1 model, and Transwell® without cells (control). The plates were
incubated for 2 h at 37 °C with humidified air and 5% CO, Afterward, the apical and the
basolateral media were collected and analyzed by HPLC-UV.

Table 1. Classification of the studied drugs according to the BCS.

BCS Classes Solubility Permeability Drugs
I High High Metoprolol tartrate, Propranolol HCI
I Low High Naproxen
I High Low Atenolol
v Low Low Furosemide

2.5.2. Drug Analysis by HPLC-UV

HPLC analysis was performed using the Agilent 1200 HPLC system (Agilent Tech-
nologies, Les Ulis, France) with a UV detector (deuterium lamp light source) and with
the Uptisphere® C18-ODB 100 x 2.1 mm, 5 um column (Agilent Technologies, Les Ulis,
France). Sample preparation was explained in Appendix A. The analysis run time was
20 min. The mobile phase consisted of phase A (phosphate buffer pH 7.4) and phase
B (acetonitrile). In initial conditions, the mobile-phase composition was 15% B; a linear
gradient was applied to reach a composition of 80% B after 16 min, maintained 2 min,
and then set to return to initial. The flow rate was 0.4 mL/min. Each drug was analyzed
separately, and their retention times were: 1.7 min for atenolol, 4.6 min for metoprolol,
7.4 min for propranolol, 6.2 min naproxen, and 5.6 min for furosemide. Quantification was
achieved using calibration curves (area ratio with internal standard vs. nominal analyte
concentration) fitted by linear least squares regression. The lower limit of quantification
(LLOQ) was validated at 50 ng/mL for all substances, and the limit of detection (LOD) was
10 ng/mL.

2.5.3. Apparent Permeability Calculation
The apical-to-basolateral apparent permeability was calculated following the equation:

_dQ 1
Papp = T X E (2)

where dQ/dt is the appearance rate of a drug at the basolateral side (ug/s), A is the surface
area of the Transwell® filter (1.12 cm?), and Cj is the initial concentration at the apical side
(ng/mL) [21,37].

2.6. Formulation of FRET-LNCs

2.6.1. Synthesis of Dil- and DiD-TPB

The fluorescence dyes Dil- and DiD-tetraphenylborate (TPB) were synthesized by the
method previously described [4,5,10,21]. Dyes were solubilized in Captex® 8000 at the
concentration of 2% w/w.
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2.6.2. Formulation of FRET Lipid Nanocapsules (FRET-LNCs)

Six formulations of FRET-LNCs were prepared based on the phase inversion method [6].
The surface modification was adapted from the ‘one-step (OS) stealth LNCs process” devel-
oped by Lainé et al. [38]. The composition of lipid nanocapsules in each batch is described
in Table 2. Firstly, Lipoid® S75-3 was dissolved in the Captex® 8000 containing Dil-TPB and
DiD-TPB. Then, Kolliphor® HS-15, purified water, and NaCl were added, as well as the
surface modification substances, which were DSPE-mPEG (2000) (anionic) or stearylamine
(cationic), if applicable. Under agitation, three heat—cool cycles (60-90 °C) were applied
to the mixture. In the last cooling cycle, cold ultrapure water (2 °C) was added at the
phase inversion temperature, followed by 5 min of a slow stir. Finally, the suspension of
FRET-LNCs was filtrated by a 0.22 um filter (Minisart®) and stored at 2-8 °C.

Table 2. Composition of different types of FRET-LNCs.

Quantity (% w/w)
Compositions
F1 F1-DSPE-PEG F1-SA F2 F2-DSPE-PEG F2-SA
Captex® 8000 (2% w/w Dil-TPB) 5.5 55 55 8.5 8.5 8.5
Captex® 8000 (2% w/w DiD-TPB) 5.5 5.5 5.5 8.5 8.5 8.5
Kolliphor® HS-15 11.5 11.5 11.5 9.3 9.3 9.3
Purified water 213 21.3 21.3 17.5 17:5 175
DSPE-mPEG (2000) - 0.6 - - 0.6 -
Stearylamine - - 0.1 - - 0.1
Lipoid® S75-3 0.7 0.7 0.7 0.7 0.7 0.7
NaCl 0.8 0.8 0.8 0.8 0.8 0.8
Purified water (2 °C) 54.7 547 54.7 547 54.7 54.7

2.7. Characterization of FRET-LNCs

The concentration (particles/mL) and the size distribution of the nanoparticles were
determined with the nanoparticle tracking analysis (NTA) technique using a NanoSight
NS300 (Malvern Instrument, Worcestershire, UK) with a low volume flow cell and a 450 nm
laser. FRET-LNCs suspensions were diluted in ultrapure water by factor 300,000 (v/v) and
then slowly injected into the sample chamber using a 1 mL syringe pump with the rate
of 34 uL per second. The video sequences of the nanoparticles were captured over 60 s
(5 replicates) and then analyzed by NTA analytical software version 3.2.

NTA provides the particle size distribution parameters as D10, D50, and D90; which
represents the diameter (nm) at the 10th, 50th (median), and 90th percentiles of the distribu-
tion histogram, respectively. Then the span, as a distribution width parameter, is calculated
following the equation:

D9 — D10
5P =150 ©)

The zeta potential of the FRET-LNCs was determined by laser doppler electrophoresis

using Zetasizer® Nano series DTS 1060 (Malvern Instruments SA, Worcestershire, UK).

2.8. Transport Assay of Intact LNCs across Membranes
2.8.1. Transport Assay of FRET-LNCs

First, 1.5 mL of HBSS and 0.5 mL of diluted FRET-LNCs (1% v/v in HBSS) were
filled into the basolateral and the apical side of the Transwell® plates, respectively. The
plates were incubated for 2 h at 37 °C with humidified air and 5% CO,. Then, samples
from the basolateral and the apical sides were collected, and fluorescence was analyzed
by spectrophotometer. The TEER of all membranes were measured before and after the
experiment to ensure their integrity. Membranes with TEER <300 Q)-cm? were excluded
from the test.
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2.8.2. Quantitative FRET Fluorimetry of Intact LNCs

Fluorescence emission spectra of collected samples were recorded on a FluoroMax®
4 spectrophotometer (Horiba Jobin Yvon Inc., Piscataway, NJ, USA) at room temperature
with the 548 nm excitation and 0.5 s integration time. The emission spectra were collected
from 555 to 750 nm, with an increment of 1 nm. They were corrected for the lamp source
fluctuations and the wavelength-dependent response of the detector. The integrity of
nanoparticles was determined by FRET efficiency (proximity ratio) calculated by the

following equation:
A

“A+D @
where A and D are the maximum fluorescence intensity of the acceptor (678 nm) and donor
(569 nm), respectively. The particle concentration of the nanocarriers was calculated from
the standard curve of the FRET acceptor signal. An acceptor signal lower than the limit
of detection (LOD = 1382 cps/mA) and/or a PR lower than 0.70 was considered as zero
particle concentration.

PR

2.8.3. Transport Efficiency of FRET-LNCs
The transport efficiency (TE) of FRET-LNCs is the percentage of numbers of nanopar-

ticles presenting at the basolateral medium compared to the initial particle concentration at
the apical medium. It was calculated by the equation:

- CiVs

TE = CoVa

x 100% ©)

where C; is the particle concentration at the basolateral side after 2 h, Cy is the initial
particle concentration at the apical side (particles/mL), V4 is the volume of sample at the
apical side (1 mL), and Vp is the volume of sample at the basolateral side (1.5 mL).

2.9. Statistical Analysis

The experiments were performed at least in triplicate. For statistical comparison, the
Kruskal-Wallis test with uncorrected Dunn’s multiple comparison test was the method
of statistical analysis. p-value of less than or equal to 0.05 was considered statistically
significant. All statistical analysis was performed using Prism GraphPad (version 8.4.1,
GraphPad Software, San Diego, CA, USA).

3. Results and Discussions
3.1. Development of the New In Vitro Coculture Model

The new in vitro 2D coculture model between Caco-2 and HMEC-1 cells was de-
veloped and intended as a tool to assess the absorption of drugs and nanoparticles. In
order to investigate its morphology, cross-sections of cell layers were observed under TEM
(Figure 1A). On day 22, Caco-2 cells exhibited a columnar epithelium monolayer struc-
ture with ~25 pm thickness with a brush border (microvilli) on the apical surface. When
zooming in between the adjacent borders of two Caco-2 cells, junctional complex structures
were observed. The morphology of these Caco-2 cells corresponds to mature human ente-
rocytes [23,39,40] and typical Caco-2 cells described elsewhere [41,42]. Furthermore, the
HMEC-1 layer was obtained as a very thin squamous epithelium monolayer with 0.2-2 um
thickness covering the basolateral side of the filter (facing downward). The junctional
structure was observed along HMEC-1 cell borders. This morphology of HMEC-1 is closely
similar to the structure of human vascular endothelium already described by Young et al.
and Ru et al. [40,42]. Thus, with this coculture condition, the morphology of both Caco-2
and HMEC-1 cells was maintained.
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HMEC-1
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Figure 1. (A) Cross-sectioning images of Caco-2 and HMEC-1 coculture layers under TEM (left) and zoomed cross-sectioning
images of the junction area between Caco-2 cells (upper right) and HMEC-1 cells (lower right); (B) immunofluorescent
staining images of Caco-2 monoculture, cocultured Caco-2 and cocultured HMEC-1 layers, characterized by confocal
microscopy for the expression of tight junction protein ZO-1 (Alexa Fluor® 488, green) and adherens junction protein
B-catenin (Alexa Fluor® 488, green). The images are overlayed with cell nuclei (DAPI, blue); (C) the 3D images show only
the expression of -catenin in the cocultured Caco-2 layer and revealed a confluent monolayer with no cell stacking.

In order to investigate the formation of the cell junctional complex, the expression
of tight junction protein ZO-1 and adherens junction protein -catenin were examined
by immunofluorescence (Figure 1B). HMEC-1 and Caco-2 cell layers in the coculture
model were confluent with the expression of ZO-1 and B-catenin along the cell borders,
meaning that tight junctions and adherens junctions were fully developed. A similar
structural pattern was observed (Figure 1B) in the Caco-2 monolayer, meaning that the
coculture system still maintained the same junctional complex structure as in monoculture.
In accordance with our study, Ma et al. described that Caco-2 expressed the ZO-1 as a
continuous band along the cell borders after 3 weeks of incubation, while Riiffer et al.
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found that HMEC-1 expressed ZO-1 and also 3-catenin at the cell borders after 3 days
of incubation [39]. In addition, a 3D imagery of B-catenin overlayed with cell nuclei
(Figure 1C) revealed that the cocultured Caco-2 had a structure of a confluent monolayer
with no cell stacking. As such, a confluent monolayer of Caco-2 and HMEC-1 cocultured
on the apical and basolateral side of the Transwell® filter, respectively, was obtained.

The membrane integrity of cell culture membranes was also monitored by TEER
measurement from the beginning to the end of the cell culture. As shown in Figure 2, the
average TEER of the Caco-2/HMEC-1 coculture model on day 22 had the highest level,
with an average of 1415 + 331 Q-cm?2. This average is significantly (Kruskal-Wallis) higher
than that of the Caco-2 model (470 + 46 Q-cm?), which was also significantly (Kruskal-
Wallis) higher than HMEC-1 monolayer (18 & 6 Q-cm?). Besides, the TEER of the Caco-2
model was in accordance with Briske-Anderson et al., who cultured the Caco-2 cells from
passage 22 with similar conditions and obtained a TEER value at around 500 Q-cm? after
21 days [43-49].

TEER of cell culture models
-+ Caco-2/HMEC-1 (n=6) Coculture at day 18
- Caco-2 (n=6)
-+ HMEC-1 (n=6)

1415 —
*
*
*
'
! —
: 470 =
8 *
! *
] *
'
1 18 —
T

T T
16 18 20 22

1
2 4 6 8§ 10 12 14
Days

Figure 2. Average TEER (n = 6) of Caco-2/HMEC-1 coculture (red), Caco-2 monolayer (blue), and HMEC-1 monolayer
(green). The whiskers represent a 95% confidence interval (Kruskal-Wallis: *** p < 0.001).

Since this new in vitro coculture model was intended as a tool to assess drug absorp-
tion, the apical-to-basolateral P, of five reference drugs from all four BCS classes was
evaluated and compared with their Papp from the conventional Caco-2 model (Figure 3).
The five drugs in this experiment are chosen because they are commonly used as the
reference for evaluating the permeability in the Caco-2 model. Their solubility and perme-
ability are defined by the BCS [45-51]. For atenolol (class III) and furosemide (class IV), the
concentration at the basolateral side was lower than the detection limit in both coculture
and Caco-2 models. These results were in accordance with the definition of classes III and
IV, which have low apparent permeability. For propranolol (class I), metoprolol (class I),
and naproxen (class II), their P,pp were ranging from 20.6 to 44.2 x 10~ cm/s on the cocul-
ture model and 224 to 44.5 x 10~ cm/s on the Caco-2 model, conforming with the BCS
classification as well. No significant differences (Kruskal-Wallis) between the P,y of all
five drugs across the coculture and the Caco-2 model were obtained. Therefore, the Papp of
both Caco-2/HMEC-1 and Caco-2 models were in the same range for the five tested drugs.
These values were also similar to those from various literature that high-permeability drugs
in BCS class I and II had the Ppp in the range from 9 x 107 to 43 x 10~ cm/s, while low-
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permeability drugs in class Il and IV had nearly zero Pqpp [6,7,10-17]. In addition, the Papp
of the drugs across the HMEC-1 monolayer and the blank Transwell® filter (Figure S1) was
also examined as a control. The P,pp, of all drugs were in the same range from 22 x 106
to 34 x 10~% cm/s with no significant difference (Kruskal-Wallis) between drugs of high
and low permeability across both HMEC-1 monolayer and blank filter. In conclusion, the
addition of the HMEC-1 layer in the coculture model did not change the permeability of
these five references drugs across the membranes, suggesting that the conventional Caco-2
model alone might be adequate for studying the absorption of drug molecules.

Papp Of drugs by BCS classes
O Caco-2 (n=4) [ Caco-2/HMEC-1 (n=4)

80+ p
High permeability drugs - Low permeability drugs

704 .
445 442 -
60+ [
= =] '
] '
E 504 -
o + [
?2 40- 289
‘é 224 206 246 -
= 304 -
" =1
20
10 -

: <LOD <LOD <LOD <LOD

c L} Ll T 1 T
MET (1) PRO (1) NAP (1I) ATN (Il FUR (IV)

Figure 3. Average apparent permeability (Papp) of five drugs (n = 4) classified by four BCS classes across Caco-2 cells (blue)
and HMEC-1/Caco-2 coculture cells (red). MET = metoprolol, PRO = propranolol, NAP = naproxen, ATN = atenolol, FUR =
furosemide; BCS class numbers are signified in the parentheses. LOD means the limit of detection = 10 ng/mL. The (+)
symbol represents the arithmetic mean, and the whiskers represent a 95% confidence interval (Kruskal-Wallis).

3.2. Transport Assay of Intact LNCs across Membranes

LNCs demonstrated their ability to improve the oral absorption of several encapsu-
lated drugs [50]. Nanoparticle size can also influence oral drug absorption [7,51]. Fur-
thermore, surface-modified LNCs such as PEG (2000)-amino post-inserted LNCs and
stearylamine LNCs can enhance oral drug bioavailability [21]. Hence, in order to study the
impact of size and surface chemistry of LNCs on their oral in vitro absorption, the LNCs
with two different sizes (F1 and F2) and three different surface chemistry (unmodified
LNCs, anionic DSPE-mPEG (2000) added, and cationic stearylamine added) were formu-
lated (Table 2) and tested in both coculture and Caco-2 models. In addition, Roger et al.
have recently shown that the FRET technique could be used to detect and quantify the
intact LNCs crossing the Caco-2 monolayer [4,5]. Thus, in order to monitor the integrity of
LNCs across the membrane, the FRET technique was used.

Table 3 presents the physicochemical characteristics of the FRET-LNCs in terms of hy-
drodynamic size, particle size distribution, particle concentration, zeta potential, and FRET
proximity ratio. The size distribution histogram is shown in Figure S2. The composition F1
and F2 provided the FRET-LNCs with an average diameter of around 55 nm and 85 nm,
respectively. The F2 formulation group has a higher amount of Captex® 8000 (oily core)
and a slightly lower amount of Kolliphor® HS-15 than the F1 group. In accordance with
the ternary diagram of a mixture system established by Heurtault et al. [6,10] and other
previous studies [5], increasing the amount of oil composition together with decreasing
the amount of the hydrophilic surfactant (Kolliphor® HS-15) could increase the size of
LNCs [21]. Moreover, the particle size distribution of all formulations was unimodal and
uniform (Figure S2). The D50 value is the median diameter (nm). All the formulations had
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a symmetric distribution as their median diameter was almost equal to the mean diameter.
Besides, span is the parameter determining the size distribution width normalized by me-
dian diameter. The span value closing to zero determines a narrow size distribution. The
span of the compositions F1 (0.37-0.38) was lower than the F2 (0.54-0.63), indicating that
LNCs with smaller sizes had a narrower distribution width, while the surface modification
had no effect on altering the distribution width (Kruskal-Wallis). Furthermore, both F1
and F2 compositions had similar particle concentrations (Kruskal-Wallis) ranging from
5.5 x 10 to 8.0 x 10 particles/mL and slightly lower than previously reported in the
literature at 1.2 x 10'° particles/mL for 55 nm LNCs [20]. By contrast, the zeta potential of
F2 was higher than F1 (16.3 & 3.7 mV and 4.1 + 0.8, respectively), but such a difference
was not observed in the blank F1 and F2 formulations (containing no FRET dyes), of which
the zeta potential was around —5.0 mV regardless of sizes. The FRET dyes Dil-TPB and
DiD-TPB used in the formulation were positively charged and were previously reported to
elevate the zeta potential of 55-nm LNCs [6]. The fact that F2 had a quantity of Captex®
8000, in which FRET dyes were dissolved, higher than F1 could explain the higher zeta
potential in F2.

Table 3. Characterization of FRET-LNCs (mean + SD): particle size, particle size distribution, particle concentration, zeta
potential, and proximity ratio.

Particle Size Particle Size Distribution Particle Concentration (x104 Zeta Potential FRET Proximity
Formulas (nm) icles/: (mV) Rati
D10 (nm) D50 (nm) D90 (nm) Span Particles/mL) o
Fl(n=3 578 £9.7 453 £5.0 542 £77 65.6 £ 12.5 0.37 = 0.08 77%£12 41+08 0.89 £ 0.04
F1-DSPE-PEG (n =2) 531 427 50.9 625 038 79 —-49 0.89
F1-SA (n=3) 56.0 £ 5.6 453 +45 535+5.1 656 +7.2 0.38 = 0.04 8.0+31 154 £21 0.89 = 0.04
F2(n=3) 92.6 + 10.0 67.1+6.2 885+ 89 1204 + 153 0.60 + 0.04 55427 163 +£37 0.93 + 0.02
F2-DSPE-PEG (n = 2) 833 61.3 77.3 109.9 0.63 6.6 3.2 0.92
F2-SA (n=3) 82658 623 +£3.7 787 £52 1047 £99 0.54 = 0.07 68+23 273+28 0.93 £ 0.02

Adding anionic DSPE-mPEG (2000) and cationic stearylamine at the formulation of
FRET-LNCs did not significantly change the size and the particle concentration (Kruskal-
Wallis, see Table 3). However, adding DSPE-mPEG (2000) decreased the zeta potential by
9-13 mV, whilst stearylamine increased it by 11 mV, as already described by Lainé et al. [7]
and Ramadan et al. [52,53].

Finally, to determine the integrity of LNCs, the FRET proximity ratio (PR) was cal-
culated [21]. Intact LNCs have PR closer to 1 due to the highly efficient energy transfer
between FRET dyes in close proximity, while broken LNCs can have PR as low as 0.22 or
less [54]. The PR of all formulations (Table 3) ranged from 0.89 to 0.93, meaning that the
FRET dyes Dil-TPB/DiD-TPB were well encapsulated, and the formulations were full of
intact LNCs. Size or surface modifications had no significant effect on PR. In summary, six
FRET-LNCs formulations with different sizes and surface modifications were successfully
developed and suitable for the transport assay experiment.

The transport of the six formulations was investigated in the Caco-2 and the Caco-
2 /HMEC-1 coculture model. The transport efficiency (TE) of each formulation is shown
in Figure 4. In the Caco-2 model, when compared by sizes and surface-chemistry, the TEs
of all different LNCs did not show statistically significant differences (Kruskal-Wallis).
In the coculture model, when compared by sizes, the F2, F2-DSPE-PEG, and F2-SA had
higher trends of TEs than their F1 counterparts, but no statistical significance (Kruskal-
Wallis) was found. Furthermore, when compared by surface-chemistry, only F1-DSPE-PEG
could increase the TEs of F1 with a statistical significance (Kruskal-Wallis). Finally, when
compared between models, the TEs of F1-DSPE-PEG, F2-DSPE-PEG, and F2-SA were found
to be higher, with a statistical significance (Kruskal-Wallis), in the coculture model than
in the Caco-2 model, while in the coculture model, the TEs of F1-DSPE-PEG, F2-DSPE-
PEG, and F2-SA were lower than the detection limit (reported as TE = 0). Summarily,
results clearly showed a different pattern of TEs between the two models, meaning that
the addition of an endothelium layer to the Caco-2 one increases the TE of F1-DSPE-PEG,
F2-DSPE-PEG, and F2-SA. LNCs size did not affect TE in both models, while the surface
chemistry had an effect on TE but only with F1-DSPE-PEG (55-nm).

OO 61



Pharmaceutics 2021, 13, 595

12 of 16

Transport efficiency (%)

2.5-
1.5:
1.0-:

0.54

Transport Efficiency of FRET-LNCs after 2h

0O Caco-2 (n=4-8) O Caco-1/HMEC-1 (n=4-6)

F1 F1-DSPE-PEG F1-SA F2 F2-DSPE-PEG F2-SA
LNCs Formulations

*

-

0.63

**

0.14

0.0

Figure 4. Transport efficiency of six FRET-LNCs formulations after 2 h in the Caco-2 model (blue, n = 4-8), and the
Caco-2/HMEC-1 coculture model (red, n = 4-6). The (+) symbols represent the arithmetic mean, and the whiskers represent
a 95% confidence interval (Kruskal-Wallis: * p < 0.05, ** p < 0.01).

Using the new coculture model revealed that F1-DSPE-PEG had a significantly higher
transport efficiency than F1, meaning that adding DSPE-mPEG (2000) to the surface of 55-
nm LNCs increased their in vitro intestinal absorption. A similar result has been observed
by Bannunah et al. [54], who described that anionic polystyrene nanoparticles (PS-NPs) had
much higher transportation across the Caco-2 model than cationic PS-NPs. More precisely,
transcytosis of anionic PS-NPs mainly occurred via the caveolae-mediated pathway, while it
was not the case for cationic PS-NPs whose transcytosis occurred via the clathrin-mediated
pathway [55,56]. Moreover, adding more PEG chains, like DSPE-mPEG (2000), to the
surface of LNCs would also improve their mucopenetrating property [43—48].

Interestingly, the different absorption patterns between the two models only appeared
among the LNCs but not among the reference molecular drugs (Figure 3). Some LNCs, but
none of the reference drugs, had significantly higher absorption in the coculture model
despite its higher membrane integrity (TEER). Molecular drugs are mainly absorbed via
the passive pathway regulated by the membrane’s chemical properties rather than the
biological ones [10,57-59]. By contrast, the LNCs are absorbed by active transport via the
caveolae-mediated or clathrin/caveolae-independent endocytosis in the Caco-2 model [57-
59]. The hydrophilic surfactant (Kolliphor® HS-15, previously named Solutol® HS-15)
on the outer shell of LNCs could directly interact with the cholesterol-rich microdomain
(lipid raft) on the cell surface, inciting the endocytosis [57-59]. The difference in LNCs
absorption between the Caco-2 and the coculture models implied that adding the HMEC-1
layer might cause a change in the cell’s biological absorption process that affected the
LNCs transcytosis, but not the membrane’s chemical properties that affected molecular
drugs absorption. Therefore, the next step of this work is to determine the LNCs transport
mechanism across this coculture model.

4. Conclusions

In conclusion, a new coculture model of Caco-2 intestinal epithelium and human
primary vascular endothelium cells (HMEC-1) was successfully developed. The cell mor-
phology, membrane integrity, and drug permeability were validated and proved that the
new model was suitable for a tool to evaluate the absorption of drugs and nanoparticles.
Improving the conventional Caco-2 model by adding the endothelium layer could change
the absorption pattern of LNCs but not drugs in solution. This suggests the necessity of the
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new coculture model for studying the absorption of LNCs or other nanocarrier systems.
However, for studying the absorption of drug in solutions, the Caco-2 model should be
adequate. By using the coculture model, the absorption of DSPE-mPEG (2000) LNCs
(55- nm and 85-nm) and stearylamine LNCs (85-nm) was found to be surprisingly higher,
despite the coculture model’s higher TEER. Furthermore, the new model also revealed the
increase in the absorption of 55-nm LNCs when surfaced-modified by DSPE-mPEG (2000).
All these distinct absorption patterns between the two models imply the differences in the
LNCs transport mechanism and are the proof of concept for the effect and the importance
of the intestinal endothelium on the transportation of nanoparticles across gut barriers.
The use of the new coculture model combined with the FRET technique could provide a
better understanding of the fate of intact LNCs across the intestinal barriers. For future
experiments, the details on the transport mechanism of LNCs in the coculture model should
be elucidated. The in vivo—in vitro correlation (IVIVC) of intact LNCs should be further
investigated. Besides, the new model should also be used to study the absorption of other
types of nanocarriers.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /
10.3390/pharmaceutics13050595/s1, Figure S1: Average apparent permeability (Papp) of five drugs
(n = 4) classified by four BCS classes across HMEC-1 monolayer (green) and blank Transwell® filter
(gray). MET = metoprolol, PRO = propranolol, NAP = naproxen, ATN = atenolol, FUR = furosemide;
BCS class numbers are signified in the parentheses. The (+) symbol represents the arithmetic mean,
and the whiskers represent a 95% confidence interval (Kruskal-Wallis). Figure S2: Example of
the particle size distribution histogram of the formulations (A-F): F1, F1-DSPE-PEG, F1-SA, F2,
F2-DSPE-PEG, and F2-SA, respectively.
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Appendix A. Sample Preparation for Drug Assay by HPLC-UV
Appendix A.1. Sample Preparation for Metoprolol and Propranolol

The internal standard was prepared as a solution of 20 mg/L protriptyline (in methanol)
for propranolol and 20 mg/L methyl milnacipran (in methanol) for metoprolol. Then,
25 puL of the internal standard and 100 pL of 4 M NaOH were added to 500 pL of the sample.
Afterward, liquid-liquid extraction using 4 mL of hexane/isoamy]l alcohol (80/20, v/v) was
performed, and 100 uL of 0.02 M HCI was added to the organic phase after mixing. The
mixture was centrifugated, and the supernatant was eliminated. 10 uL of the preparation
was injected into the chromatographic system.
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Appendix A.2. Sample Preparation for Naproxen

The internal standard was prepared as a solution of 50 mg/L tolbutamide (in ace-
tonitrile). Then, 200 puL of the internal standard was added to 50 uL of the sample. The
preparation was then centrifuged, and 10 uL of the supernatant was injected into the
chromatographic system.

Appendix A.3. Sample Preparation for Atenolol

The internal standard was prepared as a solution of 20 mg/L prazepam (in methanol).
Then, 25 pL of the internal standard was added to 500 pL of the sample. Afterward, liquid-
liquid extraction using 5 mL of dichloromethane and 30 puL of 1 M NaOH was performed.
After mixing, the mixture was centrifugated, and the supernatant (organic phase) was
collected and evaporated to dryness at 50 °C under nitrogen gas. The residue was dissolved
in 50 uL of methanol and 20 uL of water. 10 uL of the preparation was injected into the
chromatographic system.

Appendix A.4. Sample Preparation for Furosemide

The internal standard was prepared as a solution of 50 mg/L tolbutamide (in acetoni-
trile). Then, 25 pL of the internal standard and 200 puL of ammonium acetate buffer pH 4.0
were added to 200 pL of the sample. Afterward, liquid-liquid extraction using 1.5 mL of
dichloromethane was performed. After mixing, the mixture was centrifugated, and the
supernatant (organic phase) was collected and evaporated to dryness at 50 °C under a
nitrogen stream. The residue was dissolved in 50 uL of methanol and 20 pL of water. 10 uL
of the preparation was injected into the chromatographic system.
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Supplementary data
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Figure S1. Average apparent permeability (Papp) of five drugs (n = 4) classified by four
BCS classes across HMEC-1 monolayer (green) and blank Transwell® filter (gray).
MET = metoprolol, PRO = propranolol, NAP = naproxen, ATN = atenolol,
FUR = furosemide; BCS class numbers are signified in the parentheses. The (+) symbol
represents the arithmetic mean, and the whiskers represent a 95% confidence interval
(Kruskal-Wallis).
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Figure S2. Example of the particle size distribution histogram of the formulations (A-F):
F1, F1-DSPE-PEG, F1-SA, F2, F2-DSPE-PEG, and F2-SA, respectively.
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Chapter 2: Quantitative FRET for determining intact
LNCs in blood

In order to evaluate the oral bioavailability information of intact LNCs, the method
to quantify the plasma particle concentration of intact LNCs is required. FRET was chosen
because it is the method that can directly monitor the particle integrity. The method has
been already adapted to use for in vivo nanoparticle tracking of intact LNCs [128,130-
132], which could be considered as the proof of concept for the practicality of this
technique on LNCs [129]. However, there exists only the qualitative imagery FRET and
semi-quantitative FRET techniques for in vivo nanoparticle tracking, which is inadequate
to obtain plasma particle concentration information. Thus, the new quantitative FRET for
blood sample was developed to solve this problem. The new method gives the quantitative
information of intact FRET-LNCs in the systemic circulation that can be used for advanced
pharmacokinetics analysis i.e., non-compartmental analysis, and population-based
pharmacokinetics, as a proof of concept and practicality of the quantitative method.

In this chapter, the new quantitative FRET technique was developed for quantifying
particle concentration in biological media such as blood. The article demonstrates that the
new FRET technique can be successfully employed to quantify plasma particle
concentration and AUC of six LNCs formulations i.e., classical LNCs, anionic DSPE-mPEG-
2000-LNCs, and cationic stearylamine-LNCs with the size of 50 nm and 85 nm. The
information obtained from this new FRET technique was used after intravenous
administration to determine the non-compartmental and population pharmacokinetics of
intact LNCs.

The article has been published in the Journal of Controlled Release in 2022, entitled
“Pharmacokinetics of intact lipid nanocapsules using new quantitative FRET technique”.
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ARTICLEINFO ABSTRACT

Keywords: The present study investigated the pharmacokinetics of intact lipid nanocapsules (LNCs) after intravenous
FRET administration in rats. Six different Forster resonance energy transfer LNCs (FRET-LNCs) have been studied with 2

Lipid nanocapsules sizes (50 and 85 nm) and 3 coating types (none, DSPE-mPEG 2000 or stearylamine). A FRET-LNCs blood

ll::a:;iiczr n:::;acokinetics extraction method was developed to retain an accurate FRET signal. Intact FRET-LNCs were specifically quan-
Dnlig delivel:y tified through combination of FRET signal and Nano Tracker Analysis. Pharmacokinetic data were first described

by non-compartmental analysis, then used to develop a population pharmacokinetic model.

The pharmacokinetic elimination of FRET-LNCs was non-linear and dependent on size and surface modifi-
cation, while the distribution was dependent on size. The LNCs 85 nm volume of distribution was lower than
LNCs 50 nm. As expected, LNCs 85 nm with PEG coating displayed a lower clearance than other formulations.
Surprisingly, this study highlighted a faster elimination of LNCs 50 nm with PEG compared to other formulations
which could be explained by instability in blood. This first pharmacokinetic model of intact LNCs allowed a
thorough understanding of the influence of size and coating on pharmacokinetic properties and paves the way for
future mechanistic modeling approaches to predict the fate of LNCs in vivo.

1. Introduction nanocarrier itself is probably one reason, notably due to the lack of

technique to specifically quantify the intact organic nanoparticles con-

Drug encapsulation into nanocarriers is currently one of the most
promising technologies to improve drug delivery. Lipid nanocapsules
(LNCs) are organic nanocarriers, consisting of a triglyceride core and
surfactant shell, and have already been well characterized [1-3]. It is
firstly developed by our group [1,4], allows the delivery of several drugs
via intravenous (IV) or oral administration routes (paclitaxel [2,5],
fondaparinux [6], albendazole [7], praziquantel [8], etc.). However, the
limited understanding of the pharmacokinetics (PKs) of this nanocarrier
itself is a major issue that can lead to poor translation to the clinical
level’s application. The limited knowledge about PK of organic

centration in the blood. Most of PK organic nanoparticles studies were
performed on drugs without evaluating integrity of the nanocarrier. For
example, Singh et al,, Carreno et al., and Menzel et al. describe the
pharmacokinetics of drug encapsulated into NPs (exemestane, quetia-
pine and exenatide, respectively) which is relevant for total drug but not
for encapsulated drug [9-11]. In some other works, the radiolabeling
technique was utilized to evaluate the PK parameters of NPs. Unfortu-
nately, with this method, which follows the radioelement, the signal
indistinctly quantifies intact and degraded LNCs, not taking into account
their structural integrity which might have been compromised after

Abbreviations: FRET, Forster resonance energy transfer; LNCs, Lipid nanocapsules; PKs, pharmacokinetics; NTA, Nanoparticle Tracking Analysis system; IV,

intravenous; PR, proximity ratio; PEG, polyethylene glycol.
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interaction with biological media [12]. In this context, Forster resonance
energy transfer (FRET) method presents a great potential to describe the
in vivo fate of LNCs [13].

FRET is the interaction between one fluorescent dye (called FRET
donor) which transfers its energy to the second dye (FRET acceptor) by
the energy resonance (distance inferior at 10 nm). The FRET donor and
acceptor dyes can be coloaded in the nanocarriers, and the short-
distance FRET phenomenon will occur only if the nanocarrier is intact
[13]. Roger et al. have previously developed a combination of FRET
method with the Nanoparticle Tracking Analysis system (NTA) to
measure particle concentration, which allows to quantify the concen-
tration of intact LNCs. This technique combination was used in vitro to
measure intact LNCs particle concentration after intestinal epithelium
barrier crossing [4,14]. Therefore, this method seems well suited for
quantifying the intact LNCs particles in biological media. Nevertheless,
to use this technique, another challenge of quantifying intact LNCs in
biological fluids and tissues is to develop an extraction method from the
blood that conserves particles integrity [13,15].

Moreover, it has been known that the PEGylation can provide a
stealth effect to increase the circulation time of nanoparticles because of
lower opsonization phenomenon and so, lower elimination after
macrophage uptake [16-18]. In contrast, PEGylation can increase
elimination of nanoparticles after PEG antibodies synthesis as a result of
the first injection, it is called accelerated blood clearance (ABC) phe-
nomenon and this phenomenon has never been studied for LNCs
[16-18]. Because this topic seems interesting and widely studied, and
the only way to study this phenomenon is the repeated injection.

The aim of this study was to investigate the PK analysis of intact LNCs
after IV administration in rats and reinjection after 7 days using the
FRET method of quantitation. In this context, different FRET-LNCs for-
mulations, already developed in our lab, have been studied. Firstly, an
extraction method in blood by ultracentrifugation has been developed to
achieve an efficient FRET signal. PK data were first described using non-
compartmental analysis (NCA). A population compartmental (PopPK)
model was then developed to provide a deeper understanding of PK
properties of LNCs and their variability depending on size and coating.
Finally, particles stability was assessed in rat blood to explain some in
vivo results.

2. Materials and methods
2.1. Materials

Dil (1,10-dioctadecyl-3,3,30,30-tetramethyl-indocarbocyanine
perchlorate), DiD (1,1'-dioctadecyl-3,3,3',3'-tetramethylindo-dicarbo-
cyanine perchlorate), and Histopaque®-1083 were purchased from
Thermofisher (Villebon-sur-Yvette, France). Ultrapure water was ob-
tained from a Milli-Q® Advantage A10 System (Merck Millipore,
Darmstadt, Germany). Captex® 8000 (glyceryl tricaprylate) was kindly
provided by Abitec Corporation (Columbus, OH, USA). Lipoid® S§75-3
(phosphatidylcholine and phosphatidylethanolamine mixture) were
purchased from Lipoid GmbH (Steinhausen, Switzerland). Kolliphor®
HS-15 (PEG 660 and polyethylene glycol 660 hydroxystearate mixture)
was purchased from BASF (Ludwigshafen, Germany). DSPE-mPEG-2000
(1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- [methoxy(poly-
ethylene glycol)-2000] (ammonium salt)) was purchased Avanti Polar
Lipids (Alabaster, AL, USA). Phosphate-buffered saline (PBS) was pur-
chased from PAA Laboratories (Toronto, ON, Canada). Polycarbonate
centrifuge tube size 7 x 20 mm (reference 343,775) was purchased from
Beckman Coulter (Villepinte, France). Heparin sodium 5000 UI/mL was
purchased from Panpharma (Luitré, France).

2.2. Formulation of LNCs coloaded with Dil- and DiD-TPB (FRET-LNCs)

Dil- and DiD-tetraphenylborate (TPB) were synthesized using the
method described previously [14,19]. Six formulations of LNCs
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coloaded with Dil-TPB and DiD-TPB (called FRET-LNCs) with different
sizes: 50 nm (LNC-50) and 85 nm (LNC-85), surface modifications:
DSPE-mPEG-2000 (PEG) (LNC-50-PEG;LNC-85-PEG) and stearylamine
(SA) (LNC-50-SA; LNC-85-SA) were prepared using the phase inversion
method (composition shown Table 1) [4].

2.3. FRET-LNCs characterization

The mean size (nm), particle concentration (particle/mL), and par-
ticle size distribution were measured with the NTA technique using a
NanoSight NS300 (Malvern Instrument, Worcestershire, UK) with a low
volume flow cell and a 450 nm laser. FRET-LNCs suspensions were
diluted in ultrapure water by the factor from 5 x 10° to 1 x 10° and then
slowly injected into the sample chamber using a 1 mL syringe pump with
the rate of 3-4 pL per second. The video sequences of the nanoparticles
were captured over 60 s (5 replicates) and then analyzed by NTA
analytical software version 3.2.

NTA provides the particle distribution width parameters, which are
calculated following the equation: Span = (D90 — D10)/D50 where D10,
D50, and D90 represent the diameter (nm) at the 10th, 50th (median),
and 90th percentiles of the distribution histogram, respectively.

The zeta potential of the FRET-LNCs was determined by laser doppler
electrophoresis using Zetasizer® Nano series DTS 1060 (Malvern In-
struments SA, Worcestershire, the UK) diluted by factor 1 x 102

The fluorescence emission spectra of FRET-LNCs were recorded on a
FluoroMax® 4 spectrophotometer (Horiba Jobin Yvon Inc., Piscataway,
NJ, USA) at room temperature with the 548 nm excitation and 0.5 s
integration time. FRET-LNCs suspension was diluted by factor 3 x 10°.
The emission spectra were collected from 530 to 720 nm, with an
increment of 1 nm. They were corrected for the lamp source fluctuations
and the wavelength-dependent response of the detector. The maximum
intensity of the FRET donor and acceptor were recorded at 569 + 5 nm
and 675 + 5 nm, respectively.

The integrity of nanoparticles was determined by the FRET proximity
ratio (PR) calculated by the following equation: PR = A/(A + D), where
A and D are the maximum fluorescence intensity of the aforementioned
FRET acceptor and donor signals, respectively.

2.4. Animal studies

Male Sprague-Dawley rats (n = 28) aged 11 + 2 weeks and weighing
480 + 73 g were purchased from Janvier Labs (Le Genest-Saint-Isle,
France). All rats received a standard laboratory diet and water ad

Table 1
Compositions of different FRET-LNCs formulations.
Compositions Quantity (% w/w)
LNC- LNC- LNC- LNC- LNC- LNC-
50 50- 50-SA 85 85- 85-SA
PEG PEG
Captex® 8000 (2% 5.5 5.5 5.5 8.5 8.5 8.5
w/w Dil-TPB)
Captex® 8000 (2% 5.5 5.5 5.5 8.5 8.5 8.5
w/w DiD-TPB)
Kolliphor® HS-15 11.5 11.5 11.5 9.3 9.3 9.3
Purified water 21.3 21.3 21.3 17.5 17.5 17.5
DSPE-mPEG-2000 - 0.6 - - 0.6 -
Stearylamine - - 0.1 - - 0.1
Lipoid® S§75-3 0.7 0.7 0.7 0.7 0.7 0.7
NaCl 0.8 0.8 0.8 0.8 0.8 0.8
Purified water (2° 54.7 54.7 54.7 54.7 54.7 54.7
Q)

LNC-50: LNC with an expected size of 50 nm; LNC-50-PEG: LNC with DSPE-
mPEG and expected size of 50 nm; LNC-50-SA: LNC with stearylamine and ex-
pected size of 50 nm. LNC-85: LNC with an expected size of 85 nm; LNC-85-PEG:
LNC with DSPE-mPEG and expected size of 85 nm; LNC-85-SA: LNC with
stearylamine and expected size of 85 nm.
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libitum. The experimental protocol on animals was carried out to the EU
Directive 2010/63/EU and was approved by the Committee on the
Ethics of Animal Experiment of the Pays de la Loire, France (APAFIS
#2020092411444021).

2.5. IV administration of FRET-LNCs

2.5.1. First injection

Six FRET-LNCs formulations were intravenously injected into
Sprague-Dawley rats via dorsal penile vein with the dose of 2 x 10
particles/100 g rat. Ten samples of 150 pL of blood were collected in tail
vein at 5, 30, 60, 90, 120, 180, 240, 360, 600 and 1440 min post-dosing.
No >1500 pL were collected over the 24-h study period (< 5% total
blood volume). Samples were analyzed as described previously.

2.5.2. Repeated injection

After 7 days, the same dose of the same type of FRET-LNCs was
injected into the same rat. Blood was collected and analyzed with the
same method as mentioned above.

2.6. Quantification FRET-LNCs in plasma

2.6.1. FRET-LNCs extraction from blood

A 100 pL blood sample was taken and immediately mixed with 100
pL of Histopaque®-1083 in the polycarbonate centrifuge tube kept in
ice. Then, the samples were centrifuged using Optima MAX-UP Ultra-
centrifuge (Beckman Coulter, Villepinte, France) and the fixed-angle
rotor TLA-100 (Beckmann Coulter, Villepinte, France) with a relative
centrifugal force of 4 x 10° G at 25 °C for 2 h. Finally, 75 pL of the
supernatant was immediately collected and mixed with 225 pL of ul-
trapure water. FRET donor and acceptor spectra of the samples were
measured, and the PR was calculated. Then, the particle concentrations
were calculated from the equation derived from the quantitative cali-
bration curve.

2.6.2. Particle integrity analysis

Sample’s mean PR at any time point was calculated. The time
duration that FRET-LNCs having full integrity was coined as the full-
integrity phase. A time point was included in the full-integrity phase if the
mean PR at a time point was >0.80 and was statistically equivalent to
the mean PR of the pooled reference formulations (n = 38) using the
equivalence test (see supplementary S1). Only the FRET acceptor in-
tensity in the full-integrity phase was quantified as the in vivo plasma
particle concentration by the calibration curve, otherwise, the data was
reported as below the limit of quantification (BLOQ). Algorithm for
FRET-LNGCs particle concentration quantification procedure is detailed
in supplementary Scheme S1.

2.6.3. Quantitative calibration curve

For the standard solutions, seven dilutions of FRET-LNCs were pre-
pared with the dilution factors ranging from 1 x 10%to 5 x 10* and then
spiked into blood or PBS. The initial particle concentration of the
formulation had been measured in the characterization step by NTA
(section 2.3). Maximum FRET acceptor emission intensities of the spiked
standard were measured (675 + 5 nm) and plotted as a function of
particle concentration with the curve fitted by a double logarithmic
regression function in the linear form: Fy = 10 x C™ where Fa is FRET
acceptor maximum emission intensity (675 + 5 nm) of a sample; k is the
intercept; C is FRET-LNCs particle concentration of a sample; m is the
slope of the fitting curve. The linearity of the fitting curve was estimated
by the coefficient of determination (R?) with the acceptance of R? >
0.980. Due to the interference from background fluorescent noise at low
concentration, the standard concentration with PR < 0.80 was excluded
from the calibration curve.
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2.6.4. Lower limit of quantification (LLOQ)
The LLOQ of each FRET-LNCs formulation was defined as the mean
of the lowest in vivo particle concentration in the full-integrity phase.

2.7. Pharmacokinetics analysis and modeling

NCA and PopPK analyses were performed on blood concentrations of
intact FRET-LNCs concentrations vs time data using PKanalix and
Monolix softwares, respectively (MonolixSuite 2021R1, Lixoft, Antony,
France). Actual sampling times and doses were used in the analysis.
Default software settings were used unless otherwise stated.

For NCA, BLOQ was considered as missing values. The linear trap-
ezoidal linear integral method was used to compute the area under the
curve from time zero to the time of the last measured concentration
(AUCas). All available observations were included for calculation of the
slope of the terminal log-linear phase 4z and the corresponding half-life
(HL), which was performed with a uniform weighting. Kinetic profiles
with fewer than 5 observations were excluded from the analysis. Rats
having received two administrations were analyzed independently for
each administration. Area under the curve from time zero to infinity
(AUCo- ), mean residence time (MRT), plasma clearance (CL) and
volume of distribution (Vp) were determined from the observed
concentrations.

For PopPK, BLOQ concentrations were interval-censored, between
0 and the LLOQ for each type of FRET-LNCs. PK parameters from rats
having received two administrations were estimated from the two ob-
tained PK profiles, each administration being considered as an occasion.
PK parameters were assumed to follow a log-normal distribution.
Structural models with 1 or 2 compartments and linear or non-linear
elimination were tested. Combined, constant and proportional residual
error models were tested on the best structural model. LNCs were
categorized by type of surface modification (classical, PEGylated or
coated with SA), size (50 or 85 nm), or the combination of both (type of
LNC). Impact of the categorical covariates coating, size and type on PK
parameters was assessed by the stepwise covariate modeling procedure,
using exponential relationships. Inter-occasion variability was also
assessed. Among alternate models, the model displaying the lowest
corrected Bayesian Information Criterion (cBIC) was retained. Model
evaluation was performed based on the relative standard error (RSE) of
the estimates, which was considered acceptable under 30% for fixed
effects and under 50% for random effects. Graphical evaluation of
models included goodness of fit (GOF) plots (observations versus pre-
dictions and distribution of weighted residuals) and visual predictive
checks (VPC). For the final model, stability was additionally assessed by
evaluating the sensitivity of fixed effect parameters to changes of their
initial values.

2.8. In vitro stability of FRET-LNCs in rat blood

Rat blood was obtained by cardiac puncture and kept in a lithium
heparin tube (Vacutainer®, Becton-Dickinson, Franklin Lakes, NJ, USA).
FRET-LNCs were added to 1 mL of the blood to obtain a final concen-
tration of 28.5 Teraparticles/mL (Teraparticles or Tp = 10'? particles).
The mixture was incubated at 37 °C with stirring. 100 pL of blood was
collected at 5, 30, 60, 90, 120, 180, 240, 360 and 600 min. FRET-LNCs
particle concentration was quantified with the same method in section
2.6. A control group in PBS was analyzed with the same experimental
condition. The concentration results were normalized with the results
from the first time point (5 min) and reported as: %Cy = (C,/Cs) x 100%
where %Cl is the percentage normalized particle concentration, C;is the
particle concentration at each time point, and Cs is the initial particle
concentration at the time 5 min. To ensure the integrity of the extracted
FRET-LNCs, the FRET signal has been monitored for each sample. The
mean PR of the sample from each time point (n = 3) has been statistically
compared.
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2.9. Statistical analyses

All statistical analyses were performed using the software Prism
GraphPad (version 9.3.1, GraphPad Software, San Diego, CA, USA). The
statistical significance was assessed for a p-value under 0.05.

2.9.1. Formulation and characterization

The statistical analyses were conducted by two-way ANOVA
(Tukey’s multiple comparisons) to investigate the effect of size and
surface modification.

2.9.2. Noncompartmental pharmacokinetics

The difference of NCA of the 1st injection (day-0) between each
formulation was analyzed by two-way ANOVA with size and surface
modification factors. The difference of NCA of the 2nd injection (day-7)
was statistically compared to the 1st injection (day-0) by paired t-test.

2.9.3. Invitro particle stability

Particle integrity equivalence test was assessed by two one-sided
tests (TOST) as the method mentioned earlier. The particle concentra-
tion as %Cy from each time point was statistically compared to the
initial %Cy at 5 min (time factor) and between blood vs PBS (media
factor) by repeated-measures two-way ANOVA.

3. Results and discussions
3.1. FRET-LNCs formulations and characterization

To follow the behavior of intact LNCs [1], the FRET method has been
chosen. FRET relies on the interaction between two encapsulated dyes
which is more precisely for monitoring intact LNCs than the single
encapsulated dye system. Indeed, the fluorescence signal of the single
dye system can originate from the dye already released outside the LNCs,
while the FRET signal can only be detected from the two dyes in close
proximity inside the intact LNCs. Moreover, to avoid any modification of
the nanocarrier’s physicochemical properties and dyes dissociations,
dyes have been encapsulated and not conjugated to one of the LNCs
components. Six FRET-LNCs formulations with different sizes (50 and
85 nm) and surface modifications (none, DSPE-mPEG-2000 or stearyl-
amine) were prepared following the compositions described in our
previous work [4]. Two sizes were formulated in the range of 47.5-52.7
nm and 78.6-84.8 nm with a span in the range of 0.40-0.67, suggesting
a narrow and uniform size distribution (Table 2). Because NTA de-
termines the Brownian motion by video image analysis, particles in the
samples are visualized, and a photo of particles can be extracted (Sup-
plementary Fig. S2). The zeta potential varied by both size and surface
modification. The proximity ratio (PR) of all the formulations were in a
range from 0.86 to 0.93, as obtained in our previous work for optimal
FRET signal, and demonstrating their full integrity [20]. Finally, the
particle concentration, except for LNC-50-PEG, ranged from 2.5 x 102 to
3.8 x 10% Tp/mL. Surprisingly, LNC-50-PEG had a particle concentra-
tion of 10.1 x 102 Tp/mL, which is significantly (p < 0.05) higher than
all the others as already obtained in our previous work (Table 2) [4].
This difference in particles concentration was considered in the
following in vitro and in vivo experiments.

3.2. FRET-LNCs extraction and quantification method

For the noncompartmental pharmacokinetic and the population
pharmacokinetic analyses, quantitative information (and not qualitative
or semi-quantitative information) regarding the plasma particle con-
centration is required. For the PK studies, a new extraction method was
developed for quantifying intact FRET-LNCs in biological media. Blood
itself has the autofluorescent emission spectrum at 548 nm which
overlaps the FRET spectrum of FRET-LNCs [21,22]. Various methods of
extraction are available e.g., solid-phase extraction (SPE), liquid-liquid
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Table 2
FRET-LNCs Characterization (mean + SD).
Formulations  Particle Span Zeta FRET Particle
Size Potential Proximity Concentration
(nm) (mV) Ratio (PR)  (10% Tp/mL)
LNC-50 (a) 49.3 + 0.51 4.2 + 0.90 + 32+0.8"
(n=5) 4.8¢ + 2,1 0.02
0.20
LNC-50-PEG 47.5 + 0.40 -71+ 0.87 + 10.1 £+ 1.1
b)(n=5  2.3° + 2.8 0.04
0.04¢
LNC-50-SA 52.7 + 0.56 18.0 + 0.86 + 3.8+ 0.5
@Mm=7) 49" + 1.0 0.03
0.09
LNC-85 (d) 84.8 + 0.61 16.9 + 0.90 + 25+0.8
(n=5) 3.12 4 1.1%¢f 0.03
0.04
LNC-85-PEG 78.6 + 0.67 -1.3+ 0.93 + 3.3+0.5°
@m=3 21° - 1.8 0.01
0.09°
LNC-85-SA 83.1+ 0.62 30.0 + 0.93 + 28+08
Hm=3) 54 + 11 0.01°
0.03

T, = 10" particles (Teraparticle). Statistical significance was conducted by two-way
ANOVA (Tukey) and expressed as a comparison: (a) vs. LNC-50, (b) vs LNC-50-
PEG, (c) vs LNC-50-SA, (d) vs LNC-85, (e) vs LNC-85-PEG, (f) vs LNC-85-SA; if
the level of significance with p < 0.05.

extraction (LLE), protein precipitation (PP) [15]. Preliminary unpub-
lished work demonstrated that these methods were not appropriate to
our study because they use organic solvents that destroy LNCs. The
dissociated FRET-LNCs do not give FRET signal because the dyes will
dissipate out, causing their distance to widen beyond the FRET distance.
In order to avoid using organic solvents and to get rid of solid blood
components from the sample, the sucrose density gradient centrifuga-
tion technique was employed using Histopaque®-1083, which is the
polysucrose solution with the density 1.083 g/mL [23]. FRET-LNCs have
alower density than Histopaque®-1083 and the aqueous phase of blood.
So that, after the centrifugation, LNCs will be at the top of the super-
natant. At last, the FRET spectrum of FRET-LNCs was measured by the
fluorimeter.

In a previous work [14], no apparent variation was observed be-
tween the particle concentration of LNCs calculated by the fluorescence
calibration curve at the FRET acceptor wavelength and the one deter-
mined by the NTA. However, the plasma extract could still contain
natural lipid or protein particles. As a result, a microscopic analysis
(TEM, SEM) or a direct NTA measurement would overmeasure the
presence of the particles because these methods did not distinguish
natural lipid or protein particles from LNCs. Meanwhile, the in vivo
experiment with a routine analytical method testing numerous samples
must be developed. Accordingly, the particle concentration in blood was
determined by using the fluorimeter. To ensure that only the FRET
acceptor intensity of fully intact FRET-LNCs was quantified as particle
concentration, FRET-LNCs particle integrity at any time point was
determined by PR with equivalence test. Only FRET acceptor intensity
during the full-integrity phase was quantifiable by the calibration curve.
To quantify the FRET-LNCs particle concentration in the extract, a
calibration curve was constructed between the FRET acceptor intensities
at 675 + 5 nm and FRET-LNCs particle concentration. The different
standard concentrations were spiked in blood and, after the extraction,
FRET acceptor intensities were measured and plotted as a function of the
known FRET-LNCs particle concentrations. The linearity of every cali-
bration curve was >0.980. A new calibration curve was constructed for
every freshly prepared batch of FRET-LNCs to reduce the variability
caused by the varying particle concentration of each formulation. Matrix
effect was observed (see supplementary S4). In accordance with the ICH
and USFDA guidelines, to analyze in vivo sample, the calibration curve
was prepared in the same biological matrix as of the sample, which is
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blood (or PBS in the in vitro experiment) [24,25].

The LLOQ of the in vivo plasma particle concentration was deter-
mined by both plasma particle concentration and particle integrity (the
PR). The LLOQ of each formulation is shown in Table 3.

Moreover, to detect free dyes released from FRET-LNCs, the extrac-
tion by ultracentrifugation was performed on Dil-TPB/blood and DiD-
TPB/blood mixtures. Nevertheless, this extraction method could not
efficiently extract the free Dil-TPB and DiD-TPB dyes from blood, as only
around 0.0002% of the free dyes were retrieved. The dyes were observed
to adsorb to the glass vial, plastic tube, and plastic pipette tips. Thus,
only the FRET signals from the dyes inside FRET-LNCs could be deter-
mined by this extraction method.

3.3. Particle concentration-time profile and NCA

Forty-three PK profiles were obtained in 28 rats, 15 rats being dosed
twice (Fig. 1). Of note, 2 out of 3 rats suddenly died after reinjection of
LNC-85-SA. As a consequence, reinjection of LNC-85-SA was dis-
continued for ethical reasons, in agreement with the protocol, and
reinjection data were obtained in 1 animal only. An interaction with
erythrocyte or platelet and toxicity of stearylamine was already
demonstrated with liposomes by Nishiya et al., which would explain the
death of these 2 rats [26].

In order to carry out the quantitative particle analysis in rat plasma,
the FRET spectra was measured with Aex = 548 nm. Firstly, the PR was
checked qualitatively for the overall integrity of FRET-LNCs. Then, the
concentration of intact nanoparticles was estimated with the equation
obtained from every freshly prepared batch of FRET-LNCs. The
following experiments take into account 430 samples collected, 55
values were missing, while 80 values were BLOQ. As an example of the
obtained spectra, the emission spectra of LNC-50 in rat plasma (FRET
donor and FRET acceptor) were given in Supplementary S3, as well as a
photo of particles extracted from video images obtained by NTA.

The PKs of the intact FRET-LNCs has never been elucidated due to
the lack of technique to directly quantify their particle concentration in
biological media. The BLOQ values were considered as missing. Nine PK
profiles with fewer than 5 observations (2 to 4) were considered too poor
for NCA and excluded. Finally, the 34 analyzed PK profiles contained 6
to 9 observations, and a total of 268 observations. The FRET LNCs were
considered intact, and the concentration has been calculated with the
appropriate standard curve. The PR was monitored and plotted as a
function of time (see supplementary Fig. S5). After concentration anal-
ysis, PK data showed that, while the decreased Vp, for bigger LNCs was
observed for all coatings without a significant difference (18.6 vs 24.8,
15.4vs16.8, 16.4 vs 22.1 mL for LNCs 85 nm vs 50 nm classical, PEG and
SA respectively), the decreased CL for bigger LNCs was only observed for
PEG LNCs (3.0 mL/min). Interestingly, LNC-50-PEG displayed a signif-
icantly higher CL than 50 nm classical and SA LNCs (12.1 vs 5.5 and 6.3
10~ mL/min respectively), while LNC-85-PEG displayed a significantly
lower CL than 85 nm classical and SA LNCs (3.0 10~ mL/min vs 5.6 and
5.8 10”2 mL/min respectively). Accordingly, HL and MRT were signif-
icantly shorter for LNC-50-PEG and higher for LNC-85-PEG than for
other LNC types (Table 4). LNCs 85-PEG displayed significantly higher
AUCy-, (27,672 vs 9432 Tp.min/mL) and significantly lower CL (3.0 vs
12.1107°2 mL/min) when compared to LNC-50-PEG (Table 4). Groo et al,
have performed a study with paclitaxel-loaded LNCs-50 with and
without PEG length of 2000 to compare their PK profiles. After IV

Table 3
LLOQ for each formulation.
LNC- LNC-50-  LNC- LNC- LNC-85- LNC-
50 PEG 50-SA 85 PEG 85-SA
LLOQ (Tp/ 16.7+ 15.6+ 13.1+ 7.6+ 16.6+ 6.0+
mL) (m + 6.3 6.8 27 2.3 2.3 2.4

sd)
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administration in rats, circulation time of PEGylated paclitaxel-loaded
LNCs is longer than classical paclitaxel-loaded LNCs. Indeed, the MRT
of paclitaxel after IV administration was 80 min and 54 min for
paclitaxel-loaded PEG LNCs and paclitaxel-loaded LNCs, respectively
[27]. Similarly, in another study using qualitative fluorescence detec-
tion technique, Morille et al., concluded to a longer time circulation of
PEG3000 LNCs 50 nm than LNCs 50 nm without PEGy after measuring
the fluorescence signal of encapsulated DiD [28]. All these studies seem
to demonstrate the longer circulation time of PEG LNCs. However, it is
important to not forget that, in these studies, the total paclitaxel or dye
(free and encapsulated) was quantified or followed and not only the
encapsulated one.

To conclude, by employing the quantitative FRET technique detec-
tion of LNCs, these results highlight a size-dependent clearance of
PEGylated LNCs in blood, which is associated with modifications of their
PK profiles. This study allows describing for the first-time quantitative
results about in vivo fate of LNCs.

To study the effect of the ABC phenomenon and its pharmacokinetics
consequences, the FRET-LNCs formulations with the same dose were
reinjected to the same rat (n = 3) after 7 days. The PR-time profile had
the same pattern as in the first injection (see supplementary Fig. S5). The
particle concentration-time profile of the reinjection was shown in
Fig. 1B and compared with each first injection datum in Fig. 1A. These
results demonstrated that the 1-week reinjection plasma particle
concentration-time profile was similar to the first injection for the 6
formulations. Moreover, NCA was performed on the reinjection data
(shown in Table 4) and no significant difference (paired t-test) was ob-
tained compared to the parameters from the initial injection. Thus, NCA
results showed that PK parameters were similar after the first and the
second administration for all formulations. Note that all formulations
contain small PEG chains (PEGeeo) because Kolliphor® HS-15, which
acts as a surfactant, is composed of a mixture of free PEGggo and the
PEGggo with mono- and the di-esters of 12-hydroxystearic acid. Never-
theless, as demonstrated by Basile et al. with similar formulations, LNCs
with only Kolliphor® HS-15 had low in vitro activation of complement
proteins in the in vitro study [29]. With our in vivo study, we can hy-
pothesize that no immune reaction against PEG would occur in rats after
a 7-day reinjection. In comparison, Ichihara et al., have previously
demonstrated that after administration of PEGylated liposomes (DSPE-
PEGg2000) with mean size around 100 nm, in mice and rats, anti-PEG IgM
production appeared after 3 days with a peak at 5 days [30]. Even if the
interval between the two injections was very important to observe this
phenomenon, these authors confirmed that the maximum level of anti-
PEG is around 5 to 7 days [31]. Other parameters are known to influ-
ence the ABC phenomenon like size of nanoparticles, density and dose of
PEG [31]. For the dose, it is possible that, with our LNCs formulations,
induction of the ABC phenomenon was abrogated because the amount of
PEG was higher than 0.5 pmol/kg, as suggested by Hashimoto et al.
[32]. Indeed, by calculation, the total amount of injected PEGggo and
PEG2000 (for LNC-50-PGE, and LNC-85-PEG) were between 90 and 1900
pmol/kg and 5-25 pmol/kg, respectively. In addition, Li et al, have
performed a study about animal species effect on ABC phenomenon with
PEGylated liposomes. They observed that the antibodies PEG production
could be inhibited by cytotoxic drug loaded in liposomes. Then, in dogs,
the ABC phenomenon was more pronounced than in rats or mice [33].
Therefore, it is possible to suppose that the production of antibodies
after the first injection of PEGylated nanoparticles does not modify the
PK profile, especially the clearance. In the previous cited studies, they
were only interested in increasing plasma antibody levels and not in the
potential PK parameter modifications.

Conclusively, all the results pointed out that 1-week reinjection did
not significantly change any pharmacokinetics in the 6 tested FRET-
LNCs formulations. Therefore, for the popPK, the results from the first
injection and the reinjection could be combined to increase the sample
size for popPK and thus to improve the accuracy of the model.
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Fig. 1. Plasma particle concentration-time profile of 50-nm & 85-nm FRET-LNCs following the IV bolus. (A) with day-0 injection. (B) with day-7 injection. Data is
reported as the arithmetic mean and standard deviation (whisker). Particle concentration is in the unit of 10'? particles/mL (Teraparticles).

Table 4

NCA of the pharmacokinetic parameters (mean and 95 %CI) of six different FRET-LNCs by IV bolus injection route in the rat model (D0) and after a second injection

separate by one week (D7).

PK parameters (NCA) 1st LNCs 50 nm LNCs 85 nm
injection (D0)/2nd
injection (D7) LNC-50 (@) (n =3)/ LNC-50-PEG (b) (n=  LNC-50-SA (c) (n = LNC-85(d) (n=3)/  LNC-85-PEG (e) (n = LNC-85-SA (f) (n =
(n=3) 3)/(n = 3) 3)/(n=3) (n=3) 3)/(n = 3) 3)/(n=1)
AUC,_, (T ® DO 22016° 9432 17,733 15984¢ 2767254 17,091
min/mL) [18,172, 25,860] [4524, 14,340] [10,282, 25,184] [8767, 23,200] [21,890, 33,454] [9369, 24,813]
D7 14,376 7906 13,569 18,318 26,858 14,217
[0, 30,261] [0, 16,814] [4125, 23,012] [9688, 26,948] [18,578, 35,138]
AUCq_.1age (Tp @ D0 12768° 6871° 11,441 13505° 18744 15,198
min/mL) [7622,17,914] [6034, 7708] [9182, 13,699] [9664, 17,346] [17,982, 19,506] [8996, 21,400]
D7 8623 5010 7968 15,563 19,927 12,201
[4220, 13,027] [3493, 6528] [4357, 11,580] [9565, 21,560] [16,419, 23,425]
Half-life (min) Do 312° 102°%¢ 252 240 358° 202
[25, 599] [5, 199] [53, 451] [86, 394] [243, 474] [41, 362]
D7 257 111 268 221 294 215
[0, 610] [0, 239] [21, 514] [129, 313] [212, 375]
MRTps (min) Do 441° 143% 353 323 522° 272
[28, 854] [3, 283] [84, 623] [128, 519] [347, 697] [72, 471]
D7 365 164 369 312 429 300.0
[0, 871] [0, 378] [51, 686] [196, 428] [308, 551]
CLops (107% mL/ D0 55" 12.1%¢ 6.3 5.6 3.0° 5.8
min) [4.5, 6.2] [5.5, 18.7] [3.1, 9.4] [2.8, 8.3] [2.2, 3.8] [3.6,7.9]
D7 7.4 14.0 7.3 5.5 3.3 7.1
[0, 16.8] [1.4, 26.6] [2.4,12.3] [2.5, 8.5] [1.9, 4.7]
Vp (mL) D0 248 16.8 22.1 18.6 15.4 16.4
[0.7, 48.8] [9.6, 23.9] [11.8, 32.3] [14.8, 22.5] [11.7,19.2] [5.1,27.7]
D7 225 20.1 26.6 17.2 13.9 22.2
[18.4, 26.5) [18.8, 21.4] [16.4, 36.8] [12.4,21.9] [11.6, 16.1]

T, = 10’ particles (Teraparticle). Statistical analysis was conducted by two-way ANOVA and is expressed if the level of significance < p 0.05 as: (@) vs LNC-50, (b) vs LNC-50-
PEG, (c) vs LNC-50-SA, (d) vs LNC-85, (e) vs LNC-85-PEG, (f) vs LNC-85-SA. A statistical analysis was conducted by paired t-test to compare the first injection and second

injection.
3.4. Population pharmacokinetics analysis (popPK) of intact FRET-LNCs

All 375 measured concentrations from 43 kinetics and 28 rats were
included in the analysis. BLOQ concentrations were interval-censored,
between 0 and the LLOQ for each subtype of LNC (Table 3). The data
were best described by a 1 compartment model with a Michaelis-Menten
elimination and a proportional residual error. A strong correlation be-
tween Vm (maximum elimination rate) and Km (Michaelis-Menten
constant) was observed, suggesting an over-parameterization of the
model, which was corrected by fixing Km. After a parameter sensitivity
analysis between 25 and 35 Tp/mL, the value of 27 Tp/mL, resulting in
the lowest BICc, was retained for Km. Importantly, other estimated pa-
rameters were stable for the various tested values of Km. Base model
parameters were estimated with a good precision, with relative standard
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errors (RSE) below 20% (Table 5). Inter-occasion variability did not
improve the model.

Effect of size, coating and type of LNCs on Vp and Vm were assessed.
Inclusion of the type of LNC as a covariate on Vm resulted in the highest
decrease of the BICc value (Table 6). Addition of a second covariate on
this new reference model with type of LNC on Vm allowed to include
effect of size on Vp as the most significant covariate. Addition of any
other covariate did not further reduce the BICc value. Since the esti-
mated value of the effect of LNC-SA-50 on Vm was low (—0.08) and
poorly estimated (RSE = 107%), it was fixed to zero, resulting in a lower
BICc value. In the final model, reference Vm value consequently corre-
sponded to the value of Vm for LNC-50 and LNC-50-SA. Other types of
LNCs significantly influenced Vm when compared to the reference value
(Table 6). The type of LNCs explained 35% of the variability of Vm,
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Table 5

Population PK model parameters: one compartment model with non-linear
elimination and proportional error model. Typical value (TV) was obtained
from reference value (RV = 21.49 mL for Vp, 3.89 Tp/min for Vm) and f using
the formula: logTV = logRV+ p.

BASE MODEL FINAL MODEL
Parameters Estimate RSE (%) Estimate RSE (%) Typical
value
Fixed Effects
Vp (mL) 20.29 3.30 21.49 3.68 21.49
$_85_Vp NA NA -0.16 36.00 18.31
Vm (Tp/min) 3.93 8.89 3.89 4.19 3.89
B_LNC-85_Vm NA NA -0.30 25.60 2.88
p_LNC-50- NA NA 0.75 9.21 824
PEG_Vm
B_LNC-85- NA NA —0.74 12.10 1.86
PEG_Vm
B_LNC-85-SA_Vm NA NA —0.20 41.00 3.18
Km (Tp/mL) 27.00 NA 27.00 NA 27.00
Standard Deviation of the Random Effects
omega_Vp 0.15 19.80 0.13 17.50 NA
omega_Vm 0.46 18.00 0.11 13.70 NA
Error Model Parameters
b 0.20 4.73 0.20 4.68 NA

RSE: relative standard error. Vp: volume of distribution. Vm: maximum elimination
rate. Km: Michaelis-Menten constant. Tp: teraparticles (10'?particles). f.A_B: effect
of covariate A on parameter B. omega B: unexplained inter-individual variability
(standard deviation) of parameter B. b: proportional residual error (standard
deviation).

Table 6
Population PK model: impact of covariates on BICc and random effect
parameters.

BICc omega_Vp omega_Vp, b
Base 2094.45 0.15 0.46 0.20
Size on V 2090.98 0.13 0.46 0.20
LNC type on Vm (6 types) 2041.43 0.15 0.11 0.20
LNC type on Vm (5 types) 2039.11 0.15 0.11 0.20
Final 2035.86 0.13 0.11 0.20

while size of LNCs explained only 2% of the variability of Vp.

All the parameters of the final model were estimated with a good
precision, with RSE below 20% (Table 5). Shrinkage of Vp and Vy, dis-
tribution were below 20% (Table 6). The residual error of 20% was
acceptable. The final model was stable, as assessed by estimating pa-
rameters starting from 5 random combinations of initial estimates for Vp
and Vm, varying between 11.89 and 32.33 mL and 1.21 and 3.30 Tp/
min respectively (supplementary Fig. S6).

Diagnostic plots showed that the final model was able to accurately
predict observations, all over the observed concentrations range and all
along the kinetics (Fig. 2). Indeed, observations versus population and
individual predictions splines were close to the identity line (Fig. 2A),
while individual weighted residuals (IWRES) versus time and individual
predictions showed that percentiles were close to the theoretical per-
centiles from the normal centered reduced law (Fig. 2B). Corrected vi-
sual predictive checks confirmed that the final model accurately
captured the mean PK profile and its associated variability (Fig. 2C).

The PopPK analysis confirmed the results obtained with the NCA.
Parameter values were similar, and the same impact of size and coating
properties of LNCs was identified. Vp was 21.49 mL for pooled 50 nm
LNCs and 18.31 mL for pooled 85 nm LNCs from PopPK (Table 5), these
values are comparable to the mean values obtained from NCA (22.2 mL
and 17.2 mL respectively, from Table 4). Comparison of elimination
parameters is less straightforward, since a constant CL is estimated using
NCA, while a non-linear CL dependent on plasma concentration could be
characterized with PopPK modeling. However, the value of CL at a
plasma concentration (Cp) of 35 Tp/mL which is roughly half the
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maximum Cp measured in the current study, was of 6.3 x 10~> mL/min
for LNC-50 and LNC-50-SA (with Vm and Km from Table 6), as calcu-
lated from the following equation:

Vi

CL=—"—.
Km+ Cp

This value is similar to the values of 5.5 and 6.3 x 10~ mL/min
obtained from NCA for both types of LNCs, LNC-50 and LNC-50-SA
respectively (Table 4). On the same principle, CL from PopPK when
Cp is 35 Tp/mL was 4.6, 13.3, 3.0 and 5.1 x 10~ >mL/min respectively
for LNC-85, LNC-50-PEG, LNC-85-PEG and LNC-85-SA, in line with CL
calculated from NCA, of 5.6, 12.1, 3.0 and 5.8 x 10~% mL/min respec-
tively (Table 4).

No inter-occasion variability was observed when the LNCs were
administered twice. The absence of PK parameters modification in our
study might be explained by a limited production of antibodies, or a lack
of effect of antibody production on the clearance of the LNC.

Altogether, PK analysis showed that, independently from the coating
features, LNCs with smaller size (50 nm versus 85 nm) displayed a
slightly larger Vp (+14% from PopPK, +23% from NCA respectively). A
wider distribution of smaller particles has been described [34,35] and
ascribed to a vascular permeability and a capability to circulate in
capillaries of blood circulation system.

The effect of LNC characteristics on CL was more complex. For all
coating types, elimination was decreased for LNC-85 compared to their
LNC-50 nm counterparts, with Vm reduced by 26% and 18% for LNC-85
and LNC-85-SA respectively, and by 77% for LNC-85 and LNC-50 with
PEG coating (Table 5). A faster elimination of smaller particles has been
previously described [35,36] and ascribed to a more easily destabilized
nanostructure by hepatobiliary excretion because of liver fenestration
size. Interestingly, PopPK allowed to evidence a significantly decreased
Vm for LNC-85 versus LNC-50, which could not be captured by NCA. This
might be due to the less complete information usable in NCA, with only
34 PK profiles and 268 observations compared to 43 PK profiles and 375
observations for PopPK, and the lowest concentrations and higher
clearance profiles being excluded from the analysis for methodological
reasons.

Consistently, for LNCs 85 nm, PEGylation reduced CL by 46% and
48% compared to classical and LNCs with SA respectively as shown by
NCA (Table 4). PEGylation also reduced Vm by 35% and 42% compared
to classical and LNCs with SA respectively as shown by PopPK (Table 5).
However, surprisingly, LNC-50-PEG was faster eliminated than LNC-50
and LNC-50-SA, with CL and Vm approximately doubled. PEGylation
appears to have a counterproductive effect on LNC-50: another elimi-
nation route might be activated. Interestingly, a recent review from
Adhipandito et al. [37] reported that several authors had observed that
nanoparticles theoretically too large to be filtrated by the kidney were
found intact in the urine after administration in mice. Among various
possible mechanisms, cell-membrane wrapping has been shown to be
possible for 30 to 60 nm diameter spherical nanoparticles [38]. More-
over, caveolae-mediated endocytosis, which is more likely for 60 nm
diameter nanoparticles than clathrin-mediated endocytosis [39], might
also be involved. We could then hypothesize that only LNC-50-PEG,
which are both small enough and certainly less opsonized, could be
eliminated by this renal route, explaining their surprisingly faster
elimination. However, the precise identification of the clearance routes
for LNCs needs to be further studied. In addition to providing a deeper
understanding of PK variability depending on LNCs characteristics,
PopPK analysis of intact LNCs concentrations allowed to characterize a
non-linear elimination of LNCs. Few studies have reported non-linear
elimination of nanomedicines so far. Non-linearity was identified
based on administration of various doses and it was observed that the
clearance was dose-dependent [40,41]. Further studies will be needed to
explore the mechanisms involved in the distribution and clearance of
these LNGs in the body [42]. In the future, the FRET method should be
valuable to compare the PK of intact nanocarrier to the PK of

COEC) 176



V. Lebreton et al. Journal of Controlled Release 351 (2022) 681-691

7 .
e
Lo
. .
.
® - ok G-
O
. -
.l. .
o %% .
w8 @ b
L L)
. . . L
. . .
. o .
o ool .
pONCg b
s oe/% o 0
« P 66 . 5
‘e o RS . g
" LI 44RCIRICEN :
2 % g =
] e .e . £
5 . ad pt® o : A z
] LY VR » 2
8 “r LU 8, °
& . (4543 o
R .
A
5. sl %
i M T A ?
L)
Lo 0% ©
* .
g .
} PR3
4 2 e’ outliers proportion 6.67%
.. i
10 30 40 8 2 30 ) %
Population predictions Individual predictions
359 359
B . .
. .
. .
25 25
. o

IWRES
® % e
oo ouy

R
i

|

rnd

i

-

200 400 600 800 1,000 1.200 1,400 V'"):E\ 0 10 20 30 40
time Individual predictions
Fig. 2. Diagnostic plots of the final model with covariates. Blue and red dots respectively represent uncensored and censored observations. Concentrations expressed
in Tp/mL, time in hours. A) Observations vs population predictions (left) and vs individual predictions (right). Black solid line: identity line. Dotted line: 90%
prediction interval. Orange line: spline. B) Individual weighted residuals vs time (left) and vs individual predictions (right). Solid lines: empirical mean and per-
centiles. Dotted lines: predicted mean, 10th and 90th percentiles. C) Prediction corrected visual predictive check obtained from 500 simulations. Solid lines:
empirical mean, 10th and 90th percentiles. Shaded areas: 90% prediction intervals of empirical mean (red) and 10th and 90th percentiles (blue). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

encapsulated and free drug, providing lacking information on the method specific of intact LNCs and of advanced PK modeling allowed to

release kinetics. Such data will be able to feed more advanced predictive characterize for the first time a non-linear elimination of intact LNCs,

PBPK models for nanomedicines [43,44]. and to evidence that PEGylation unexpectedly increased clearance of
The combination of an innovative FRET-based quantification LNCs 50 nm, while decreasing the clearance of LNCs 85 nm.
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Fig. 2. (continued).

3.5. FRET-LNCs in vitro stability in blood

In regards of number studies among literature [18,41,46], the results
of our in vivo fate nanoparticle after administration to rats were not as
expected for LNC-50-PEG. To deeper understand this phenomenon, the
in vitro stability of FRET-LNCs in the blood of rat was performed. A final
concentration of 28.5 Tp/mL has been chosen in accordance with in vivo
results. This particle concentration was equivalent to the peak time zero
concentration of the in vivo study when it is considered that a rat has a
theoretical total blood volume of 7.0 mL/100 g rat [47]. Fig. 3B shows a
stable PR for all formulations for 10 h. Nevertheless, a significant
decrease of normalized particle concentration was observed after 3 h of
incubation in blood for LNC-50-PEG when no significant decline after
10 h was observed for all other formulations. (Fig. 3A). This result was
correlated to the in vivo experiment showing a decrease in the blood
concentration of LNC-50-PEG formulation after 4 h. This phenomenon
was not observed in PBS, meaning that a degradation process only oc-
curs in the blood for this type of LNCs. Consequently, the observed in
vivo results could be, at least, partly explained by a faster degradation of
LNC-50-PEG particles in blood. However, future in depth studies will be
needed to confirm whether this phenomenon is the only one which can
explain the faster clearance of the LNC-50-PEG.

In comparison to the literature, this result could be explained by the
detection technique. The frequently used technique for quantifying the
integrity of nanocarriers in the biological medium is the semi-
quantitative FRET techniques [48-50]. In these studies, the PR has
been interpreted like a percentage of degradation and converted to a
quantity of intact nanoparticles. Thus, this method seems not adapted to
measure the concentration of intact nanoparticles, but only to approxi-
mately evaluate the value of FRET ratio (Dil/DiD). This would probably
explain the differences of the results from the present study using a
quantitative method and the results described in the literature.

This instability of LNC-50-PEG during in vivo and in vitro experiments
was surprising because the PEGylated LNCs had been reported to be
more stable in human plasma (in vitro) than conventional LNCs due to
the so-called stealth effect [20]. The PEGylation concept, which was
born with Professor Davis in 1970s, gives the main advantages to
enhance the residence time in the bloodstream [51]. This prolonged
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circulation time has been associated with both a reduced uptake and a
reduced immune response, and can induce an enhanced therapeutic
efficacy [52]. However, the particles stability should be considered as
another particle characteristic. The physicochemical instability can
probably be explained by the PEG surface density on the LNCs. Adding
PEG on the LNC-50 which already contains PEG could induce this
chemical frailty [53]. Recently, Professor Kinam Park gave some issues
about PEGylated nanomedicines because if many studies confirmed the
advantages of circulation time, this mechanism always seems totally
unknown [54]. However, adding PEG could also enhance the instability
of nanostructures. As it is exposed by Battler et al., a high surface density
of PEG coating induces an entropic penalty of confining and stretching
PEG chains which can be compensated by electrostatic binding gain. It
has been shown that this equilibrium may occur in high ionic strength
solutions [55]. Consequently, plasma, which is a high salt medium,
would increase the instability of PEGylated LNCs. In addition, bio-
distribution and accumulation in certain organs could also be another
factor contributing to the blood elimination of LNCs [34]. Future ex-
periments should investigate these hypotheses to elaborate on the true
cause behind the decreased particle stability of LNC-50-PEG in blood.

4. Conclusion

To conclude, a new quantitative FRET method was developed to
describe for the first time the specific pharmacokinetic properties of
intact LNGCs after IV injection in rats. As shown both by NCA and PopPK
results, 85 nm LNCs were less intensively distributed than their 50 nm
counterparts. As expected, PEGylation reduced elimination of 85 nm
LNCs, compared to other types of coating. Surprisingly, PEGylation had
an opposite effect on 50 nm LNCs, with an increased elimination
compared to all other LNCs. This effect can be explained by a decreased
in vitro stability of LNC-50-PEG in blood compared to the other formu-
lations. Finally, population analysis of the PK profiles showed that PK of
intact LNCs was non-linear, which has been seldom reported so far. The
present in vitro and in vivo study of six different types of LNCs with
various coatings and sizes, combining an innovative FRET-based quan-
tification method of intact LNCs with an advanced population modeling
approach, allowed a major breakthrough in the understanding of the PK
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Fig. 3. Stability of FRET-LNCs in rat blood over 10 h. (A) The graph represents
% normalized particle concentration (%Cy) (B) The graph represents the
proximity ratio. The experiment was conducted in triplicate and reported as the
arithmetic mean and 95% CI (whisker) with the significance level indicated as
*p < 0.05 compared to the initial %Cy at 5 min.

behavior of LNCs. This work will be helpful to predict the fate of various
types of LNCs in vivo and will consequently facilitate their clinical
translation. The specificity of the FRET-based quantification technique
for intact nanoparticles is the corner stone of an accurate understanding
of the PK of nanoparticles and will create new opportunities in the field
of nanomedicines.
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Supplementary data

Supplementary S1. Particle integrity criteria

It is rationalized that only the FRET-LNCs whose integrity is equivalent to that of the original
formulations are quantified for the particle concentration to ensure that the FRET-LNCs plasma particle
concentration-time profile represents only the FRET-LNCs that retained their physicochemical properties.
Therefore, to ensure that only the FRET acceptor intensity of fully-intact FRET-LNCs was quantified as
particle concentration, FRET-LNCs particle integrity at any time point was determined by PR with the
equivalence test.

The PR equivalence test was performed by the two one-sided tests (TOST). The mean PR at any
time point (tsampie) Was statistically compared to the mean PR of the pooled reference formulations (ure) in
terms of the difference between group means with a 90% confidence interval (90% CI). It was found that
Urer = 0.894 with the standard deviation a,.r= 0.032. The equivalence range (A) was set to be A =+£50,.r
which equals A = +0.16. In conclusion, the equivalence limit can be concluded and restated as: the time point
whose 90% CI of the difference between groups means < 0.16 being considered statistically equivalent and
thus be included in the full-integrity phase.

The plasma particle concentration was reported according to the following approach.

Particle integrity at any time point determined by proximity ratio (PR)
PR = FRET Acceptor intensity / ( FRET Acceptor intensity + FRET Donor intensity )

Mean PR at a time point > 0.80 Mean PR at a time point < 0.80

\4

PR equivalence test by two-one sides test (TOST)
Mean PR at any time points compared to
mean PR of pooled reference formulations (n = 38)

A 4 A 4

Statistically Equivalent Statistically NON-Equivalent

Y

FRET-LNC:s had full integrity
= Full-integrity phase

\ 4 A4 A

FRET Acceptor signals in this
phase were quantified as in vivo
plasma particle concentration by

calibration curve

FRET-LNCs did not maintain the full integrity.
The FRET acceptor intensity was not quantifiable as particles and were
reported as below limit of quantification (BLOQ)

A A 4

Not report the plasma particle concentration below the

Report the plasma particle concentration lower limit of quantification (LLOQ)

Scheme S1. Algorithm for FRET-LNCs particle concentration quantification procedure.
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Supplementary S2. Photo of LNC particles captured by NTA

Concentration (particles / ml)

1
300 400 500 600 700 800 900 1000
Size (nm)

Figure S2. Photo of LNC-85 extracted from a 60-second video image provided by the Nanoparticle Tracking
Analysis System (NTA) (left); Size analysis generated from the video clip by NTA (right); given as an
example.
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Supplementary S3. FRET donor and FRET acceptor spectra

FRET donor and FRET acceptor spectra of intact LNC-50 in rat plasma over
1440 minutes (24 hours)

—5min  ——30 min 60 mn ——90mn ——120min ——180min ——240min ——360min ——1440min
35000000

30000000
25000000
20000000
2
<
15000000

10000000

5000000

530 550 570 590 610 630 650 670 690 710
Wavelength (nm)

Figure S3. Example of emission spectra of FRET-LNCs-50 of rat plasma at time points 5, 30, 60, 90, 120,
180, 240, 360, and 1440 min (a reference to color in the figure legend). Emission spectra were recorded
using Aex =548 nm, the same fluorimeter setting, and the same 4-fold dilution of extracted samples in water.

Consequently, absolute intensity could be compared.

FRET donor (~570 nm) and FRET acceptor (~670 nm) spectra of intact LNC-50

COOES) 183



Supplementary S4. Calibration curves analysis

Calibration curves for each FRET-LNCs formulation were prepared in blood and water. Curve
fitting equations were determined, and the matrix effect on the FRET acceptor intensity was studied (n = 1).
% Matrix effect (%ME) was determined by the % relative error of the slope of the matrix-matched calibration
curve (in blood) vs. the slope of the calibration curve in water.

( Slopeblood - Slopewater >

%ME = 100 x Slope

water
The preliminary result (Figure S4, Table S4) found that blood obviously had a matrix effect on the calibration
curve, with %ME ranging between —10% to 20%.

FRET-LNC-50 FRET-LNC-50-PEG FRET-LNC-50-SA
- Water (n=1) - Blood (n=1) - Water (n=1) - Blood (n=1) -+ Water (n=1) = Blood (n=1)
1x107g 11075 1x107g
§ 1x10° i 1x106 i 1x10°
3 3 3
5 g 8§
e S <
z 3 g
4 2 2
£ 1x10%4 £ a0 £ 1x10°
e
8 8 8
2 H
8 3 4
] H g
2 1x1044 T 1x10* L 1x1044
0 T T 1 110 T T 1 ' L/
10° 10" 10" 102 10° 10" 10" 10" 10° 10 10'2
Particle concentration (particles/mL) Particle concentration (particles/mL) Particle concentration (particles/mL)
FRET-LNC-85 FRET-LNC-85-PEG FRET-LNC-85-SA
- Water (n=1) = Blood (n=1) . > Water(n=1) - Blood (n=1) - Water (n=1)  -= Blood (n=1)
1x1073 10’y 11075
1x10°4
T 1x10° =
T 1x10% EY
z Z H
g & g
Q g =
- %1054
2 g z 0
2 €
H £ Lot 5
g £ 110 £
8 2 8
§ 8 § 1x10'3
H @
8 H g
E 2 fxtot [ .
i 1x10t4
1x10°3
o x T T J 1 T T J
100 0% 101 o 100 0 i 10 10% 10° 10" 101 1012
Particle concentration (particles/mL) Particle concentration (particles/mL) Particle concentration (particles/mL)

Figure S4. Calibration curve of particle concentration of FRET-LNCs in water (blue line) and in blood (red
line) for preliminary study (n = 1) on matrix effect of blood.

Table S4. Calibration curve fitting and linearity of FRET-LNCs formulations in water and in blood.

FRET. Medium Calibration curve fitting eq.uatlon i % ME
Formulation Intercept (k) | Slope (m) Equation R
t —6.81 1.04 Fa=1 —7.19 1.079 .
LNC-50 Water 6.8 047 A 0_5 _ X C0933 0.998 10,9
Blood -5.57 0.933 Fa=107""xC™ 0.990
Water -5.83 0.924 Fa=1071x Cl07 0.924
LNC-50-PE 14.
NC-50-PEG Blood —7.34 1.060 Fa = 1073 x C1:060 0.997 /
Water -8.34 1.197 Fa=1071x Cl07 1.000
LNC-50-SA 20.
€305 Blood -5.70 0.958 | Fa=1077"x C0%%® 0.999 00
t —7.11 1.12 Fa=1071x Cl07 .
LNC-85 Water 7 0 A 0_7 - X C1 _ 0.998 41
Blood —7.87 1.166 Fa=10"""xC" 0.993
Water -6.97 1.097 Fa=1071x Cl07 0.999
LNC-85-PE -1
NC-85-PEG Blood —6.98 1.079 Fa=10%x Cl07 1.000 6
Water —8.43 1.207 Fa=1071x Cl07 0.999
LNC83-54 M io0d ~7.92 1.145 | Fa=1072x C!# 1.000 >
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Supplementary S5: Proximity ratio-time profile of 50 and 85-nm FRET-LNCs

PR-time profile (the first criterion) is shown in Figure S5A, S5B, and the equivalence test (TOST)
result (the second criterion) is shown in Figure S5C, S5D. Judging from these two criteria, the full-integrity
phase of LNC-50 and LNC-50-SA lasted until 6 hours, whilst LNC-50-PEG only lasted until 3 hours. On
the other hand, the fiu/l-integrity phase of 85-nm FRET-LNCs, regardless of the surface modification, lasted
until 10 hours. Besides, the re-injection on day 7 did not substantially change the PR-time profile nor the
duration of the full-integrity phase, suggesting that re-injection on day 7 did not affect the in vivo particle
integrity of FRET-LNCs.

Day 0 Injection | Day 7 injection
~-=- LNC-50 (n=3-6) ~—-=~- LNC-50-PEG (n=3-6) —-=—- LNC-50-SA (n=3-6) ~-==- LNC50Day7(n=3) —-u—- LNC-50-PEGDay7(n=3) —-—- LNC-50-SADay7 (n=3)
—=— LNC-85(n=3) —+— LNC-85-PEG (n = 3) —=#— LNC-85-SA(n=3) —=— LNC-85Day7(n=3) ——+— LNC-85-PEGDay7(n=3) -—=— LNC-85-SADay7 (n=1)
1.0
0.8
L o
& g
2 2
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s 5
5 5
o a
5 o 044
g ¥
0.24
L i T T T A I A S s 00+
0 4 4 8 & A0 12 4 16 19 20 22 24 20 0 2 4 6 8 10 12 14 16 18 20 22 24 26
hours hours
Day 0 Injection Day 7 injection
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Figure S5. (A) and (B) The first criterion for quantification: Proximity ratio-time profile of 50-nm and 85-
nm FRET-LNCs following the IV bolus at day-0 injection and day-7 injection. Data is reported as the
arithmetic means with standard deviation (whisker). The line at PR = 0.80 determines the first criterion for
quantification, that the mean PR > 0.80. The asterisks signify the time point not passing the criterion; (C)
and (D) the second criterion for quantification: Equivalence test result by TOST of 50-nm and 85-nm FRET-
LNCs following the IV bolus at day-0 injection and day-7 injection. Data is reported as the difference
between group means with 90% CI (whisker). The line at 0.16 signifies the lower equivalence limit. The
asterisks signify the time point deemed statistically non-equivalent. Data from LNC-85-SA on day-7 was
not included in TOST because it has n = 1, and was judged by the first criterion only.
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Supplementary S6: Population pharmacokinetic modeling (PKpop)
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Figure S6. Supplementary diagnostic plots of the final model with covariates. V volume of distribution (mL).
Vm maximal rate of the kinetics (Tp/min). B covariate effect. IWRES individual weighted residuals. NPDE
normalized prediction distribution errors. b proportional residual error. A) Distribution of individual parameters
V (left) and Vm (right). Solid line: theoretical distribution. Histograms: empirical distribution. B) Distribution
density (up) and cumulative probability (down) of IWRES (left) and NPDE (right). Dotted lines: theoretical
distribution. Histograms or solid blue line: empirical distribution. C) Stability assessment: parameters estimates
from 5 runs with initial values of V between 11.89 and 32.33 mL and initial values of Vm between 1.21 and 3.30

Tp/min.
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Unpublished Supplementary data

Supplementary S7. Calibration curve fitting equation of each formulation

Calibration curves fitting equation and linearity of all FRET-LNCs formulation in blood (in vitro
and in vivo experiment) are listed in Table S3; in PBS (in vitro experiment) are listed in Table S4. All the
calibration curves had linearity >0.980.

Table S7-1. Calibration curve fitting equation and linearity of FRET-LNCs in blood

FRET Calibration curve fitting equation in blood
Formulation | Intercept (k) | Slope (m) Equation R’
LNC-50 ~7.19 1.079 | Fa=10""x "7 0.996

—4.82 0.876 Fa =108 x C0876 0.997
-5.57 0.933 Fa =107 x C%9% 0.990
-5.06 0.892 Fa =103 x C0-872 0.989
-5.77 0.965 | Fa=10777x C9% 1.000
-5.91 0.974 Fa=10731x C097 0.998
—6.22 0.974 Fa=10%22x C097 1.000
LNC-50-PEG —6.18 0.971 | Fa=10"%"%x %" 1.000
—4.80 0.832 Fa= 10780 x C0-832 0.984
—7.34 1.060 Fa=1073%x C!060 0.997
-5.21 0.873 Fa=107321 x C087 0.997
—6.81 1.026 Fa =108 x C!026 1.000
LNC-50-SA —5.86 0.983 Fa=107386x 098 0.991
-5.89 0.972 Fa=107%% x C097 0.999
-5.88 0.966 Fa = 107388 x C0-96 1.000
-5.70 0.958 Fa=107370x C09%8 0.999
-5.12 0.888 Fa=10"%12 x CO-888 0.998
LNC-85 —6.47 1.039 Fa=1073%47x C10% 1.000
-8.38 1.209 Fa=108%38x C!20 0.997
—7.87 1.166 Fa=107"87 x C!166 0.993
-5.56 0.978 Fa=107%%x C078 0.999
LNC-85-PEG —6.98 1.079 | Fa=10°%%x 7 1.000
-8.67 1.229 Fa=10%67x C!2% 0.991
-5.63 0.992 Fa =106 x 092 1.000
LNC-85-SA -7.92 1.145 Fa=107"92x Cl4% 1.000
~7.79 1.165 | Fa=10"7" x C"1% 0.997
—6.50 1.066 Fa =107 x C!06 1.000
Table S7-2. Calibration curve fitting equation and linearity of FRET-LNCs in PBS.

FRET Calibration curve fitting equation in PBS
Formulation | Intercept (k) | Slope (m) Equation R?
LNC-50 -9.71 1.303 Fa=10771x C!303 0.999
LNC-50-PEG —7.82 1.122 Fa=1078x Cl122 0.996
LNC-50-SA -8.54 1.190 Fa=10%%x 1% 0.998
LNC-85 ~7.64 1.179 | Fa=107%xC!M7 0.998
LNC-85-PEG —7.68 1.196 | Fa=107%x C!"% 1.000
LNC-85-SA -9.14 1.316 Fa=1071x C!316 0.994
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Supplementary S8. Determination of LOD

EMA and USFDA guidelines were adapted for the determination of the limit of detection (LOD) of
each FRET-LNCs formulation. The LOD was determined by two parameters: the particle integrity and the
% accuracy. The particle integrity was determined by the mean proximity ratio (PR), and % accuracy was
determined by % relative error as in the equation S6:

%RE = 100 x ( Cback—calculation - Cnominal )

(equation S6)

Cnominal

Where Ciomina i the mean nominal (true) particle concentration; Chrack-caiculation 1S the mean particle
concentration back-calculated from the calibration curve fitting equation. The calculation was done at least
in triplicate. The nominal particle concentration was calculated as the mean due to the variation of the particle
concentration in each FRET-LNCs formulation.

Each calibration standard was calculated for the PR and %RE. The LOD is defined as having
PR >0.80 [3,4] and %RE within £20% range. The PR > 0.80 ensures FRET-LNCs having full integrity as
only the fully intact FRET-LNCs are quantified by our method.

The mean PR and %RE of each calibration standard of each FRET-LNCs formulations are detailed
in Table S5-S10, with the LOD particle concentration signified in the table. The LOD of each formulation
is summarized in Table S11. Particle concentration is expressed as a unit of Tp/mL = 10'? particles/mL. The
LOD was found to range from 1.68 x 1072 to 4.10 x 1072 Tp/mL, which is around 2 x 10° times lower than
the plasma concentration of the injected dose.

Table S8-1. Determination of LOD for FRET-LNC-50 (n=7).

o Mean Mean
Dilution . . . Mean
factor Nominal par'tlcle B'ack-calculatlor.l proximity | %RE Note
(10%) concentration particle concentration ratio
(Tp/mL) (Tp/mL)
50.0 8.42x 107 1.12 x 1072 0.75 32.9 | Excluded (PR < 0.80)
20.0 1.68 x 1072 1.84 x 1072 0.81 9.0 | LOD
10.0 4.55 %1072 4.68 x 1072 0.90 29
7.5 5.83x 1072 591 %1072 0.89 1.3
5.0 8.42x 1072 8.51 x 1072 0.92 1.0
2.0 2.11 x 107! 2.09 x 107! 0.93 -0.6
1.0 421107 422x10" 0.94 0.1
Tp = 10'? particles/mL
Table S8-2. Determination of LOD for FRET-LNC-50-PEG (n=5).
Dilution .Mean . Mean . Mean
factor Nominal par'tlcle B'ack-calculatlor.l proximity | %RE Note
(10%) concentration particle concentration ratio
(Tp/mL) (Tp/mL)
50.0 2.05x 1072 1.84 x 1072 0.74 -9.93 | Excluded (PR < 0.80)
20.0 4.10 x 1072 3.45x 107 0.80 -15.74 | LOD
10.0 1.02 x 1072 9.54 x 1072 0.88 -6.82
7.5 137 x 10" 1.25x 10" 0.90 -8.75
5.0 2.05x 10" 1.96 x 10! 0.92 -4.42
2.0 512x 10" 5.45x 107" 0.93 6.47
1.0 1.02 1.01 0.93 -1.23

Tp = 10'? particles/mL
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Table S8-3. Determination of LOD for FRET-LNC-50-SA (n=5).

o Mean Mean
Dilution . . . Mean
factor Nominal paljtlcle B'ack-calculatlor.l proximity | %RE Note
(10%) concentration particle concentration -~
(Tp/mL) (Tp/mL)
50.0 8.69 x 1073 8.18 x 1073 0.74 -5.89 | Excluded (PR < 0.80)
20.0 1.74 x 1072 1.74 x 1072 0.81 0.08 | LOD
10.0 4.35x 1072 4.48 x 1072 0.88 3.00
7.5 5.80 x 1072 5.68 x 1072 0.89 -2.09
5.0 8.69 x 1072 8.67 x 107 0.91 -0.21
2.0 2.17x 107" 2.18 x 107! 0.92 0.41
1.0 435x 10" 434 x 10! 0.93 -0.07
Tp = 10'? particles/mL
Table S8-4. Determination of LOD for FRET-LNC-85 (n=4).
Dilution .Mean . Mean . Mean
factor Nominal par'tlcle B'ack-calculatlor.l proximity | %RE Note
(10%) concentration particle concentration ratio
(Tp/mL) (Tp/mL)
50.0 5.48 x 107° 8.65x 1073 0.71 57.96 | Excluded (PR < 0.80)
20.0 1.10 x 1072 1.38 x 1072 0.79 25.80 | Excluded (PR < 0.80)
10.0 2.74 x 1072 2.89 x 1072 0.87 5.53 | LOD
7.5 3.65x 1072 4.03 x 1072 0.88 10.38
5.0 5.48 x 1072 5.68 x 1072 0.90 3.83
2.0 137 x 10" 1.34x 10" 0.92 -2.44
1.0 2.74 x 107! 2.75 x 107! 0.93 0.30
Tp = 10'? particles/mL
Table S8-5. Determination of LOD for FRET-LNC-85-PEG (n=3).
Dilution .Mean . Mean . Mean
factor Nominal par'tlcle B'ack-calculatlor.l T Note
(10%) concentration particle concentration ratio
(Tp/mL) (Tp/mL)
50.0 4.66 x 1073 7.65 %1073 0.73 64.13 | Excluded (PR < 0.80)
20.0 9.32x107 1.26 x 1072 0.83 35.49 | Excluded (%RE > 20%)
10.0 2.33x1072 2.78 x 1072 0.88 19.50 | LOD
7.5 3.11x 1072 3.50 x 1072 0.90 12.57
5.0 4.66 x 1072 4.84 x 1072 0.91 3.84
2.0 1.16 x 107 1.12 x 107! 0.93 -4.15
1.0 233x 10" 2.34x 10" 0.94 0.59

Tp = 10'? particles/mL
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Table S8-6. Determination of LOD for FRET-LNC-85-SA (n=3).

o Mean Mean
Dilution . . . Mean
factor Nominal particle Back-calculation Foximit %RE Note
(icog) concentration particle concentration P ratio Y °
(Tp/mL) (Tp/mL)
50.0 4.70 x 1073 7.72 x 107 0.68 64.31 | Excluded (PR < 0.80)
20.0 9.40 x 1073 1.23 x 1072 0.79 31.20 | Excluded (PR < 0.80)
10.0 235x 107 232x107 0.85 -1.24 | LOD
7.5 3.13 x 1072 3.34 x 1072 0.88 6.64
5.0 4.70 x 1072 4.90 x 1072 0.89 4.31
2.0 9.13x 1072 8.76 x 1072 0.92 -4.00
1.0 2.35x 107! 236 x 107! 0.94 0.28
Tp = 10'? particles/mL
Table S8-7. Summary of LOD in blood.
FRET Formulation LOD (Tp/mL)
LNC-50 1.68 x 1072
LNC-50-PEG 4.10 x 102
LNC-50-SA 1.74 x 1072
LNC-85 2.74 x 1072
LNC-85-PEG 233x107
LNC-85-SA 235x107

Tp = 10'? particles/mL
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Chapter 3: In vivo oral absorption of intact LNCs

In Chapter 1, the in vitro absorption study of intact LNCs found that less than
0.3% of intact LNCs crossed the Caco-2 and Caco-2/HMEC-1 cell membranes [128,133].
It is necessary to investigate the mechanisms of in vivo absorption of intact LNCs across
GI barriers.

In Chapter 2, the quantitative FRET technique was successfully developed for
quantifying intact FRET-LNCs in blood samples allowing for the plasma particle
concentration of intact FRET-LNCs to be measured and paving the way for the
bioavailability study. Recently, in an unpublished work by Elfatairi et al. [134], quantitative
FRET was successfully adapted for liver, lungs, and spleen tissue samples, providing the
method for a biodistribution study of intact LNCs.

In this chapter, oral bioavailability and biodistribution of intact FRET-LNCs after oral
administration are evaluated by quantitative FRET for the following aspects:

1) the nanoparticle concentration of intact FRET-LNCs in the systemic circulation

as oral bioavailability.

2) the nanoparticle concentration of intact FRET-LNCs in the hepatic portal system

(small intestinal tissue, liver, portal vein’s blood)
3) the remaining intact FRET-LNCs after digestion in feces and the behavior of
FRET-LNCs in the GI.

These experiments are rationalized also based on the pathway of drug oral absorption:
xenobiotics absorbs through the intestinal barriers to the mesenteric vein and then
altogether in the portal vein and finally enter the liver before entering the systemic
circulation, also known as the hepatic portal system [20,135,136] (figure 5). It could be
hypothesized that during the absorption process, the intact LNCs (if absorbed) accumulate
over time with higher concentration in the hepatic portal system than in the systemic
circulation and thus intact LNCs will be more easily detectable here. On the other hand,
the remaining intact LNCs in feces was investigated, because in the bioavailability assay,
we observed that the feces of the rat after orally given by FRET-LNCs were lightly purple,
which is the color of the FRET dyes used for the LNC’s quantitative FRET assay. It was
hypothesized that the purple color in the rat feces could be a result of either intact
FRET-LNCs that were not absorbed and survived the digestion, or the trace of destroyed
FRET-LNCs. The information about the remining FRET-LNCs in the feces could also be
compared to the information of the absorbed LNCs. Moreover, in order to quantify the
intact FRET-LNCs in the hepatic portal system and feces, the quantitative FRET technique
is needed to be adapted for liver, intestinal tissue, and feces. For liver, the quantitative
FRET technique has already been developed by Elfatairi et al. [134] in an unpublished
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Master’s dissertation. For intestinal tissue and feces sample, the new quantitative FRET

technique was developed in this thesis.

The study in this chapter is presented as a manuscript for future publication.
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Figure 5. The Illustrations show the similarity between the hepatic portal system of (left)
human and (right) rat (the animal model used in this thesis). Drugs and xenobiotics are
absorbed through the intestinal tissue entering the mesenteric vein, portal vein, and liver
before the systemic circulation [135,136]. Reprinted form DeSesso et al. [20].
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Abstract

Lipid nanocapsules (LNCs) were one of the promising nanomedicines for oral delivery as
they could enhance the oral bioavailability of various drugs. However, in vitro absorption
experiment found very low intact LNCs transport across epithelium and endothelium
membranes. Hence, this phenomenon needs to be investigated in vivo. This study aimed
to investigate the in vivo oral absorption of the intact LNCs. In this study, intact LNCs were
investigated for their oral bioavailability, biodistribution into the hepatic portal system
(portal vein and liver), and remaining in the feces in a rat model, using the quantitative
FRET technique developed in our previous work. The result found that intact LNCs did not
absorb via the GI route, and no intact LNCs were found in the feces. This study provides
the evidence that the increased drug bioavailability in LNCs encapsulated formulation
previously reported in the literature was not a result of intact LNCs absorption.

Keywords

Lipid nanocapsules; Oral absorption; Oral bioavailability; FRET; Biodistribution; Hepatic

portal system; Nanomedicine; Fluorescence; in vivo study
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1. Introduction

Oral route is one of the most preferential routes of drug administration among
patients and medical professionals. However, the hurdle is that several drugs have poor
oral bioavailability preventing them from the benefit of oral delivery [2]. In recent years,
nanomedicines have been employed as one venue to overcome the oral bioavailability
issue [137]. Lipid nanocapsules (LNCs), which were developed in our laboratory [96], were
one of the promising nanomedicines for oral delivery as they were reported to enhance
the oral bioavailability of paclitaxel [29,91,92], Sn38 [124], praziquantel [95], and
fondaparinux [111]. One of the hypothetical explanations for this advantage was that
intact LNCs might be able to cross the intestinal barrier into the systemic circulation
[91,94,102,133,138]. Our previous in vitro absorption study of intact LNCs found that less
than 0.3% of intact LNCs crossed the Caco-2 and Caco-2/HMEC-1 cell membranes
[128,133]. It is necessary to investigate the mechanisms of in vivo absorption of intact
LNCs across GI barriers.

Forster resonance energy transfer (FRET) is a technique that allows the integrity
of nanoparticles to be monitored. FRET is the process of the resonance energy transfer
between two fluorophores, which occurs only in the vicinity of less than 10 nm, making it
suitable as a probe for monitoring the structural integrity of the nanomedicines [139]. In
our previous work [140], quantitative FRET was successfully developed for quantifying
intact FRET-LNCs in blood samples allowing for the plasma particle concentration of intact
FRET-LNCs to be measured and paving the way for the bioavailability study. Recently, in
an unpublished work by Elfatairi et al. [134], quantitative FRET was successfully adapted
for liver, lungs, and spleen tissue samples, providing the method for a biodistribution study
of intact LNCs.

This study aimed to investigate the oral absorption of FRET-LNCs to the systemic
circulation after oral administration (oral bioavailability); to the hepatic portal system
(biodistribution to the intestine, the portal vein, and the liver); and the remaining intact
FRET-LNCs in the feces in a rat model. At first, LNCs with different sizes and surface
modifications were formulated into FRET-LNCs following our previous study [133,140].
FRET was employed as a technique for monitoring the integrity of the LNCs in vivo and ex
vivo. The oral bioavailability of different FRET-LNCs formulations was evaluated using
quantitative FRET developed in our previous work [140]. The FRET-LNCs extraction was
studied in the intestinal tissue, and the quantitative FRET was developed for feces samples.
Hence, the biodistribution of intact FRET-LNCs into portal vein and liver was evaluated to
give a broader view of oral absorption of the intact LNCs.
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2. Materials and methods

2.1 Materials

DiI (1,10-dioctadecyl-3,3,30,30-tetramethyl-indocarbocyanine perchlorate), DiD
(1,1’-dioctadecyl-3,3,3’,3’-tetramethylindo-dicarbocyanine perchlorate), and
Histopaque®-1083 were purchased from Thermofisher (Villebon-sur-Yvette, France).
MilliQ water was obtained from a Milli-Q® Advantage A10 System (Merck Millipore,
Darmstadt, Germany). Captex® 8000 (glyceryl tricaprylate) was kindly provided by Abitec
Corporation (Columbus, OH, USA). Lipoid® S75-3 (phosphatidylcholine and
phosphatidylethanolamine mixture) was purchased from Lipoid GmbH (Steinhausen,
Switzerland). Kolliphor® HS-15 (PEG 660 and polyethylene glycol 660 hydroxystearate
mixture) was purchased from BASF (Ludwigshafen, Germany). DSPE-PEG-2000 (1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N- [methoxy(polyethylene glycol)-2000]
(ammonium salt)) was purchased from Avanti Polar Lipids (Alabaster, AL, USA).
Phosphate-buffered saline (PBS) was purchased from PAA Laboratories (Toronto, ON,
Canada). Polycarbonate centrifuge tube size 7 x 20 mm (reference 343775) was
purchased from Beckman Coulter (Villepinte, France). Heparin sodium 5000 UI/mL was
purchased from Panpharma (Luitré, France).

2.2 FRET-LNCs formulation and characterization

Dil- and DiD-tetraphenylborate (TPB) were synthesized and solubilized in Captex®
8000 by the method previously published [138,141]. Six FRET-LNCs formulations were
formulated by the phase inversion method, and the compositions were similar to our
previous works [133,140]. LNCs were coloaded with DiI-TPB and DiD-TPB into different
sizes (50-nm and 85-nm) and surface modifications (none, DSPE-mPEG-200, and
stearylamine). Table 5 details the composition of each FRET-LNCs formulation where LNC-
50 is 50-nm LNCs, LNC-50-PEG is 50-nm LNCs with DSPE-PEG-2000 surface added, LNC-
50-SA is 50-nm LNCs with stearylamine surface added, LNC-85 is 85-nm LNCs, LNC-85-
PEG is 85-nm LNCs with DSPE-PEG-2000 surface added, and LNC-85-SA is 85-nm LNCs
with stearylamine surface added.
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Table 5. Compositions of different FRET-LNCs formulations

L Quantity (% w/w)
Compositions
LNC-50 LNC-50-PEG LNC-50-SA LNC-85 LNC-85-PEG LNC-85-SA

Captex® 8000 5.5 5.5 5.5 8.5 8.5 8.5
(2%w/w Dil-TPB)

Captex® 8000 5.5 5.5 5.5 8.5 8.5 8.5
(2%w/w DiD-TPB)

Kolliphor® HS-15 11.5 11.5 11.5 9.3 9.3 9.3
Purified water 21.3 21.3 21.3 17.5 17.5 17.5
DSPE-mPEG-2000 - 0.6 - - 0.6 -
Stearylamine - - 0.1 - - 0.1
Lipoid® S75-3 0.7 0.7 0.7 0.7 0.7 0.7
NaCl 0.8 0.8 0.8 0.8 0.8 0.8
Purified water (2° C) 54.7 54.7 54.7 54.7 54.7 54.7

LNC-50: 50-nm LNCs; LNC-50-PEG: 50-nm LNCs with DSPE-PEG-2000 surface added; LNC-50-SA:
50-nm LNCs with stearylamine surface added. LNC-85: 85-nm LNCs; LNC-85-PEG: 85-nm LNCs with
DSPE-PEG-2000 surface added; LNC-85-SA: 85-nm LNCs with stearylamine surface added.

The nanoparticle tracking analysis system (NTA) was employed to measure mean
size (nm), particle concentration (particle/mL), and particle size distribution using
NanoSight NS300 (Malvern Instrument, Worcestershire, UK) with a low volume flow cell
and a 450 nm laser. FRET-LNCs suspensions were diluted in MilliQ water by the factor
ranging from 1/5 x 10° to 1/1 x 10° and then slowly injected into the sample chamber
using a 1 mL syringe pump with the rate of 3-4 pyL per second. The video sequences of
the nanoparticles were captured over 60 seconds (5 replicates) and then analyzed by NTA
analytical software version 3.2.

NTA provides the particle distribution width parameters, which can be calculated
into the span following the equation:

_ (D90 - D10)
Span = Do

Where D10, D50, and D90 represent the diameter (nm) at the 10%", 50% (median), and
90t percentiles of the distribution histogram, respectively.

of the FRET-LNCs was determined by
electrophoresis using Zetasizer® Nano series DTS 1060 (Malvern Instruments SA,
Worcestershire, the UK) diluted by factor 1/100.

The zeta potential laser doppler

2.3. FRET measurements

The fluorescence emission spectra of FRET-LNCs were recorded on a FluoroMax®
4 spectrophotometer (Horiba Jobin Yvon Inc., Piscataway, NJ, USA) at room temperature
with the 548 nm excitation and 0.5 s integration time. FRET-LNCs suspension was diluted
by a factor of 1/3000. The emission spectra were collected from 550 to 720 nm, with an
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increment of 1 nm. They were corrected for the lamp source fluctuations and the
wavelength-dependent response of the detector. The maximum intensity of the FRET
donor and acceptor were recorded at 569 £ 5 nm and 675 £ 5 nm, respectively.

The integrity of nanoparticles was determined by the FRET proximity ratio (PR)

calculated by the following equation:
A
(A+D)
Where A and D are the maximum fluorescence intensity of the aforementioned FRET

PR

acceptor and donor signals, respectively.

2.4 Animals

Male Sprague-Dawley rats (n=30) aged 10-14 weeks and weight 350-500 g were
purchased from Javier Labs (Saint Bertevin, France). All rats received a standard
laboratory diet and water ad libitum. The experimental protocol on animals was carried
out to the EU Directive 2010/63/EU and was approved by the Committee on the Ethics of
Animal Experiment of the Pays de la Loire, France (APAFIS #2020092411444021).

2.5 Absolute oral bioavailability of FRET-LNCs

2.5.1 Oral administration

The six FRET-LNCs formulations were orally given to the rats by the gavage tube
with the dose ranging from 1.5 x 10'* for LNC-50 (n=3), LNC-50-PEG (n=3), and
LNC-50-SA (n=2); and to 2 x 10'* particles/100 g rat for LNC-85 (n=2), LNC-85-PEG
(n=2), and LNC-85-SA (n=1). Not more than 150 pL of blood was collected from the rat’s
tail vein during the period from 5, 30, 60, 90, 120, 360, 480, and 1440 minutes.

2.5.2 Blood sample preparation

FRET-LNCs particle concentration and PR of blood samples were quantified using
the method largely adapted from our previous work [140]. A 100 pL blood sample was
taken and immediately mixed with 100 pL of Histopaque®-1083 in the polycarbonate
centrifuge tube kept in ice. Then, the samples were centrifuged in the Optima MAX-UP
Ultracentrifuge (Beckman Coulter, Villepinte, France) using the fixed-angle rotor TLA-100
(Beckmann Coulter, Villepinte, France) with a relative centrifugal force of 4 x 10° G at
25 °C for 2 hours. Finally, 75 uL of the supernatant was immediately collected and mixed
with 225 pL of ultrapure water. FRET donor and acceptor spectra of the samples were
measured, and the PR was calculated.

2.5.3 Quantitative calibration curve for blood
Only the FRET acceptor intensity at the time point with the PR > 0.80 was quantified

as the in vivo plasma particle concentration by the quantitative calibration curve. A
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quantitative FRET calibration curve for blood was constructed by the method described in
our previous work [140]. For the standard solutions, seven dilutions of FRET-LNCs were
prepared with the dilution factors ranging from 1/1000 to 1/50000 and then spiked into
the blood. The initial particle concentration of the formulation was measured in the
characterization step by NTA (section 2.2). Maximum FRET acceptor emission intensities
of the spiked standard were measured (675 £ 5 nm) and plotted as a function of particle
concentration with the curve fitted by a double logarithmic regression function in the linear
form:
Fa = 10k x C™

Where Fa is the FRET acceptor maximum emission intensity (675 £ 5 nm) of a sample;
k is the intercept; C is the FRET-LNCs particle concentration of a sample; m is the slope
of the fitting curve. The linearity of the fitting curve was estimated by the coefficient of
determination (R?) with the acceptance of R? > 0.980. Due to the interference from the
background fluorescent noise at a low concentration, the standard concentration with

PR < 0.80 was excluded from the calibration curve.

2.5.4 Absolute oral bioavailability
The absolute oral bioavailability was calculated by the equation:

_ AUCPO X DIV
- AUCIV X DPO

Where F is the absolute oral bioavailability; AUCro is the AUC of FRET-LNCs administered
orally; AUCu is the AUC of FRET-LNCs administered intravenously; Dro is the dose of FRET-
LNCs administered orally; Div is the dose of FRET-LNCs administered intravenously. The

F

AUC1y of all six FRET-LNCs formulations were obtained from our previous work [140].

2.6. Study on FRET-LNCs extraction from intestinal tissue

2.6.1 FRET-LNCs particle stability under homogenization

LNC-50 was prepared with the dilution of 1/500 and the volume of 6 mL in flacon
and then put under the homogenization with the speed of 13500, 17500, 24000 rpm for
1, 2, 5, and 10 min. FRET signals of the sample were measured with PR calculated.

2.6.2 Extraction and effect of mucolytic agents

A Sprague-Dawley rat was euthanized with the intestine harvested. The intestine
was rinsed to remove the feces matter inside, dried, and then cut into small pieces. One
gram of the intestinal piece was taken into a culture tube with 1 mL of FRET-LNCs (dilution
1/80) added thereafter. In the first culture tube, 5 mL of MilliQ water was added, the
second culture tube with 5%w/v L-cysteine to dissolve the mucus, and the third culture
tube with 5 mL of phosphate buffer pH 4.0 to denature the mucus. The samples were
homogenized with Ultra-Turrax® at the speed of 24,000 rpm for 8 min.
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2.6.3 Ultracentrifugation and % FRET recovery

At first, 100 pL of the sample was taken and immediately mixed with 100 pL of
Histopaque®-1083 in the polycarbonate centrifuge tube kept in ice. After, the samples
were centrifuged using Optima MAX-UP Ultracentrifuge (Beckman Coulter, Villepinte,
France) and the fixed-angle rotor TLA-100 (Beckmann Coulter, Villepinte, France) with a
relative centrifugal force of 400,000 G at 25 °C for 2 hours. Finally, 75 pL of the
supernatant was immediately collected and mixed with 225 pL of ultrapure water. FRET
donor and acceptor spectra of the samples were measured, and the PR was calculated.
Finally, the percentage of the FRET acceptor recovery was calculated as:

% FRET recovery = (ISAMPLE> x 100%
IREF
Where Isampeie is the intensity of the FRET acceptor signal from the studied sample; and Irer
is the intensity of the FRET acceptor signal from a reference sample which contains
FRET-LNCs and MilliQ water with the same concentration as the studied samples but

without any extraction procedure applied.

2.7 Development of quantitative FRET for feces
Feces were collected from Male Sprague-Dawley rats aged 10-14 weeks and weight
350-500 g fed by laboratory standard food and water ad libitum.

2.7.1 Study on method for feces fiber removal

Feces sample in a culture test tube was prepared following the conditions in
Table 6. Conditions A were the test sample with feces, while conditions B were a control
prepared without feces. For conditions A, 1 mL of LNC-50 (dilution 1/80) was spiked into
0.5 g of rat feces and then mixed with 2 mL of MilliQ water. The feces were cut under a
liquid mixture using a spatula until all the feces became broken and suspended in the
mixture. Then, the samples were homogenized by Ultra-Turrax® T25 with a speed of
24,000 rpm for 10 min. For conditions A2 and B2, the sample tube was centrifuged using
Centrifuge 5810R (Eppendorf) with rotor A-4-81 with 3100 G force for 15 min. For
conditions A3 and B3, the sample was filtrated with the Blichner with glass sinter, and
then the filtrate was collected. For condition B4, the sample was filtrated with the porcelain
Bldchner with a paper filter, and then the filtrate was collected. Finally, 100 pL of each
sample (supernatant for A2, B2 and filtrate for A3, B3, A4, and B4) was collected for
ultracentrifugation, FRET measurement, proximity ratio, and %FRET recovery calculation

following the method in section 2.6.3
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Table 6. Experimental condition for the selection of the fiber removal method

Feces LNC-50 | MilliQ Homegenization
Condition | weight stock water Fiber removal method
method
(9) (mL) (mL)
Al 0.5 1 2 Ultra-Turrax® n/a
A2 0.5 1 2 Ultra-Turrax® | Centrifugation 3100 G, 15 min
A3 0.5 1 2 Ultra-Turrax® | Filtration by Blichner with glass sinter
B1 - 1 2 Ultra-Turrax® n/a
B2 - 1 2 Ultra-Turrax® | Centrifugation 3100 G, 15 min
B3 - 1 2 Ultra-Turrax® | Filtration by Blchner with glass sinter
B4 - 1 2 Ultra-Turrax® | Filtration by porcelain Blchner +
paper filter

The volumetric yield of the filtration method was studied as the feces sample being

prepared in a culture test tube following the conditions in Table 7. Then, 0.5 mL of LNC-
50 (dilution 1/80) was spiked into 0.25 g of rat feces and then mixed with different

volumes of MilliQ water (see table). Then, the samples were homogenized by Ultra-

Turrax® T25 with a speed of 24,000 rpm for 10 min. Then, the samples were filtrated

with the Blchner with filter paper, and then the filtrate was collected. The %volumetric

yield of each sample was calculated as:

%volumetric yield = (

volume after filtration

volume before filtration

) x 100%.

Table 7. Experimental condition for the volumetric yield of Blichner filtration

Feces LNC-50 MilliQ Total o anion
Condition | weight stock water | volume method Fiber removal method
(9) (mL) (mL) (mL)

Vol-1 0.25 0.5 4 4.5 Ultra-Turrax® | Filtration by porcelain Blichner
+ paper filter

Vol-2 0.25 0.5 4.5 5 Ultra-Turrax® | Filtration by porcelain Blichner
+ paper filter

Vol-3 0.25 0.5 5.5 6 Ultra-Turrax® | Filtration by porcelain Blichner
+ paper filter

Vol-4 0.25 0.5 6.5 7 Ultra-Turrax® | Filtration by porcelain Blichner
+ paper filter

2.7.2 Study on method for homogenization

Feces were ground up using mortar and pestle until a fine powder was obtained.

Then, 0.25 g of the feces power was taken into a culture tube and then spiked with 0.5
mL of LNC-50 (dilution 1/80) and mixed with 5.5 mL of MilliQ water. Different methods of
extraction were tested as described in Table 8. Finally, 100 pL of filtrate or supernatant

was collected for ultracentrifugation, FRET measurement, proximity ratio, and %FRET

recovery calculation following the method in section 2.6.3
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Table 8. Experimental condition for the mortar and pestle method

Feces LNC-50 MilliQ Homogenization
Condition | weight stock water Fiber removal method
method
(9) (mL) (mL)

D1 0.25 0.5 5.5 Mortar-Pestle & Ultra- | Blchner + paper filter
Turrax® 24,000 rpm for
10 min

D2 0.25 0.5 5.5 Mortar-Pestle (wet) Blchner + paper filter

D3 0.25 0.5 5.5 Mortar-Pestle (dry) Blchner + paper filter

D4 0.25 0.5 5.5 Mortar-Pestle (dry) Centrifugation 3100 G,

15 min

2.7.3 Calibration curve construction

For the standard solutions, seven dilutions of LNC-50 were prepared with dilution
factors ranging from 1/300 to 1/30,000. Feces were ground up using mortar and pestle
until a fine powder was obtained. Then, 0.25 g of the feces power was taken into a culture
tube and then spiked with 0.5 mL of different LNC-50 standard stock and mixed with 5.5
mL of MilliQ water. The standard tubes were centrifuged using Centrifuge 5810R
(Eppendorf) with rotor A-4-81 with 3100 G force for 15 min. Then, 100 uL of the
supernatant was taken and immediately mixed with 100 pL of Histopaque®-1083 in the
polycarbonate centrifuge tube kept in ice. After, the samples were centrifuged using
Optima MAX-UP Ultracentrifuge (Beckman Coulter, Villepinte, France) and the fixed-angle
rotor TLA-100 (Beckmann Coulter, Villepinte, France) with a relative centrifugal force of
400,000 G at 25 °C for 2 hours. Finally, 75 pL of the supernatant was immediately collected
and mixed with 225 L of ultrapure water. FRET donor and acceptor spectra of the samples
were measured, and the PR was calculated.

The initial particle concentration of the formulation had been measured in the
characterization step by the NTA. Maximum FRET acceptor emission intensities of the
spiked standard were measured (675 £ 5 nm) and plotted as a function of particle
concentration with the curve fitted by a double logarithmic regression function in the linear
form:

Fa = 10% x C™
Where Fa is the FRET acceptor maximum emission intensity (675 £ 5 nm) of a sample;
k is the intercept; C is the FRET-LNCs particle concentration of a sample; m is the slope
of the fitting curve. The linearity of the fitting curve was estimated by the coefficient of
determination (R?) with the acceptance of R? = 0.980. Due to the interference from
background fluorescent noise at low concentration, the standard concentration with

PR < 0.70 was excluded from the calibration curve
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2.8 Biodistribution of intact LNCs in the hepatic portal system

2.8.1 Oral administration

Rats were orally given FRET-LNCs via the gavage tube with the FRET-LNCs
formulations, doses, and sacrifice time as specified in Table 9. After being euthanized,
the autopsy was performed on the rat with not more than 150 pL of blood from the portal
vein collected, 1 g of liver harvested, and whole feces collected.

Table 9. Experimental conditions for biodistribution studies after oral gavage

) - Gavage dose Sacrifice after
Formulations Condition n
(particles/100 g rat) (hours)

LNC-50-PEG A 3 2 x 10 24
LNC-50 B 2 2 x 10 4

C 1 5 x 1013 4
LNC-85-PEG C 1 5 x 1013 4
LNC-85 C 1 5 x 1013 4

2.8.2 Blood sample preparation
Blood samples were prepared and quantified for intact FRET-LNCs using a similar
method from section 2.5.2.

2.8.3 Liver sample preparation

Liver samples were mixed with 3.5 mL MilliQ water and then homogenized by T25
Ultra-Turrax® at the speed of 13,500 rpm for 45 seconds. 100 pL of the liver sample were
taken, prepared, and then quantified for FRET-LNCs particle concentration using the
method adapted from section 2.5.2.

2.8.4 Feces sample preparation

The weight of the whole feces was recorded. Then, the whole feces were ground
up using mortar and pestle until a fine powder was obtained. Next, 0.25 g of the feces
power was taken into a culture tube, and then 6 mL of MilliQ Water was added. The sample
was vortexed gently for 2 minutes. The sample was centrifuged using Centrifuge 5810R
(Eppendorf) with rotor A-4-81 with 3100 G force for 15 min. Finally, 100 uL of the
supernatant was taken, prepared, and then quantified for FRET-LNCs particle
concentration using the method adapted from section 2.5.2.
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3. Results and discussion

3.1. FRET-LNCs formulations and characterization

FRET-LNCs were used for monitoring the nanoparticle’s integrity. Hence, six FRET-
LNCs formulations were formulated following the compositions in our prior works
[133,140] with the size of 50 and 85 nm, and the surface modifications of DSPE-PEG-2000
and stearylamine. Table 10 shows the characterization results of the six FRET-LNCs
formulations. LNC-50, LNC-50-PEG, and LNC-50-SA had the size ranging from
47.0 - 53.1 nm, while LNC-85, LNC-85-PEG, and LNC-85-SA from 78.5 - 80.9 nm. The
span of all formulations was in the range of 0.38 - 0.63, meaning that the particle size
distribution was uniform and narrow. The proximity ratio (PR) of all six formulations was
0.83 - 0.92, indicating full integrity. The particle concentration was ranging from
2.4 x 10 to 3.4 x 10 particles/mL except for LNC-50-PEG with 7.0 x 10'* particles/mL.
All the characterization parameters were as expected and conformed with the results

obtained in our previous studies [133,140].

Table 10. FRET-LNCs Characterization (mean = SD)

Particle
Particle Zeta FRET .
Concentration
Formulations Size Span Potential Proximity (10
nm mV Ratio (PR
(nm) ( ) (PR) particle/mL)
LNC-50 (n=3) 47.0 £ 0.5 | 0.40 £ 0.07 3.0+ 0.5 0.90 £ 0.01 3.2+ 24
LNC-50-PEG (n=3) 47.8+2.4 | 0.38+£0.05 | -9.2+1.7 | 0.89 +£0.01 7.0+ 4.9
LNC-50-SA (n = 1) 53.1 0.54 19.1 0.83 3.1
LNC-85 (n = 2) 78.8 0.52 18.1 0.88 3.3
LNC-85-PEG (n = 2) 78.5 0.57 0.6 0.91 3.4
LNC-85-SA (n = 1) 80.9 0.63 30.8 0.92 2.4

3.2 Absolute oral bioavailability

In parallel to our previous work to quantify the plasma particle concentration of
intact FRET-LNCs in a rat model [140], the absolute oral bioavailability of the six
formulations of intact FRET-LNCs was evaluated by the quantitative FRET method
described in our previous study [140]. It was found that no FRET donor and FRET acceptor
signals were retrieved from rat’s systemic blood at any time point from 5-1440 min for all
six FRET-LNCs formulations and dose, meaning that no intact FRET LNCs or the trace of
the FRET dyes were found in rat plasma at this dose. Therefore, the absolute bioavailability
(F) of intact LNCs was F = 0. This result suggested that intact FRET-LNCs did not absorb
via the oral route, or that the amount of intact LNCs was relatively too low to be detectable
in the systemic circulation by the current method with the detection limit of 10%°
particles/mL.
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Consequently, the new strategy to evaluate the in vivo oral absorption of intact
FRET-LNCs was adopted by quantifying the intact FRET-LNCs biodistribution to the hepatic
portal system (small intestine, portal vein, liver) after orally administrated. Because the
concentration of FRET-LNCs could be higher and detectable in this area than in the
systemic circulation.

Besides, the feces of the rat, after being orally given by FRET-LNCs, were observed
to be purple, which was the color of the FRET dyes. It was hypothesized that this could be
a result of either the remaining intact FRET-LNCs or the trace of destroyed FRET-LNCs in
the feces. Hence, it was necessary to quantify the intact FRET-LNCs in the feces.

Summarily, with these new approaches, a new quantitative FRET technique suitable
for intact FRET-LNCs in the intestinal tissue, liver, and feces was required. The quantitative
FRET for liver tissue had been developed by Elfatairi et al. in an unpublished work [134]
while the new technique for intestinal tissue and feces needed to be developed.

3.3 Study on FRET-LNCs extraction from intestinal tissue

New quantitative FRET technique was developed for the intestinal sample based on
the prior technique successfully employed for the liver sample [134]. The technique was
based on two steps: homogenization of the tissue and intact FRET-LNCs extraction using
ultracentrifugation. At first, the particle stability of FRET-LNCs under homogenization was
tested. FRET-LNCs were found to maintain their integrity (PR > 0.80) under
homogenization up to the speed of 2.4 x 10* rpm with a duration of 10 minutes. For the
intestinal sample, the homogenization with the speed of 2.4 x 10* rpm with a duration of
8 minutes was optimal. However, due to the nature of the intestinal tissue that contains a
large amount of mucus that could hinder the release of intact FRET-LNCs, the study on
the mucolytic agent was carried on. The homogenized samples spiked with FRET-LNCs
were treated with 3%w/v L-cysteine, phosphate buffer pH 4.0, and MilliQ water as a
control. The result found that all three samples had PR < 0.30 and %FRET recovery < 8%,
indicating that no intact FRET-LNCs were retrieved from the three intestinal samples and
the extraction was unsuccessful (Table 11).

Table 11. LNCs intestinal extraction results.

%FRET
Conditions PR

recovery
Intestine + water 8 0.21
Intestine + L-cysteine 3 0.25
Intestine + phosphate buffer pH 4.0 6 0.27
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The use of mucolytic L-cysteine with a relatively high concentration of 3%w/v and
phosphate buffer pH 4.0 to help denature the mucus did not show to be effective in
improving the extraction. The mucus still strongly retained the FRET-LNCs and overcame
the effect of the mucolytic agent, making it inseparable (Supplementary Figures S3-1,
S3-2, S3-3). The sample prepared by L-cysteine was also found to be crystalized after
ultracentrifugation deeming this method not practical (Supplementary Figure S3-2).
Besides, other methods might be more appropriate. That said, it could be interesting for
future research to test this with the method from Liu et al. by using FRET confocal
microscopy imaging the cryosection of the intestinal lumen or the live in vivo imaging
system (IVIS) taking the image of the FRET signal directly from the intestinal tract as a
whole [142].

In summary, the intestinal tissue contains a high amount of mucus that can highly
retain the FRET-LNCs making it unable to be extracted by this technique. The development
of intact FRET-LNCs extraction method from the intestinal tissue was not successful using
this approach.

3.4 Development of quantitative FRET for feces

New quantitative FRET technique was developed for feces samples based on the
technique previously described [134]. At first, the method was developed to extract intact
FRET-LNCs from feces samples. Then, the calibration curve between intact FREC-LNCs in
feces and the FRET acceptor maximum intensity signal was developed.

3.4.1 Study on method for feces fiber removal

From the experiment, it was observed that rat’s fecal matter contained a large
amount of large undigested fiber [143] that, after being mixed with water and
homogenized, could still obstruct the pipette or was too large for the ultracentrifugation.
Therefore, the priority for developing the extraction technique for feces was to remove the
fiber. The first experiment compared the % FRET recovery from two fiber removal
methods: centrifugation and filtration by Blichner with glass sinter. Table 12 shows the
result of % FRET recovery and PR of the FRET-LNCs spiked feces samples and their
references (no feces added) using the two fiber removal methods. Firstly, the PR > 0.80
confirmed the presence of intact FRET-LNCs in condition A2 (filtration method) and all
control samples (B1, B2, B3, B4). Secondly, it was found that, without fiber removal
(condition Al), % FRET recovery was zero, meaning that fiber in feces itself could retain
100% of intact FRET-LNCs, and the fiber removal method was crucial. Thirdly, it was
evident that the filtration method (condition A2) by glass Bichner gave 52% FRET
recovery better than the centrifugation method (condition A3) with 0% yield. It means
that FRET-LNCs could be extracted out using the filtration method while they were still
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retained in the feces if using the centrifugation method. However, the result from the
reference of the filtration method with the glass Blichner (condition B2) showed only 46%
FRET recovery. Since there were no feces in the control sample, the loss could be the
result of FRET-LNCs being retained by the glass Bilichner’s sinter filter, suggesting other
types of filters should be used to optimize this fiber removal. Therefore, the porcelain
Bldchner with filter paper was tested with the control sample (condition B4). The result
found 84% FRET recovery, meaning that the paper filter caused less particle loss than the
glass Blchner. Hence, the porcelain Blichner and paper filter was chosen as the main

method for fiber removal.

Table 12. Result of the test on the selection of fiber removal method

Condition | Feces Fiber removal method YoFRET PR
recovery
Al 0.5¢ n/a 0 0.36
A2 0.5 g | Filtration by Bichner with glass sinter 52 0.87
A3 0.5 g | Centrifugation 3100 G, 15 min 0 0.34
B1 - n/a 82 0.89
B2 - Filtration by Blchner with glass sinter 46 0.91
B3 - Centrifugation 3100 G, 15 min 101 0.89
B4 - Filtration by porcelain Blchner + paper 84 0.87
filter

Nevertheless, it was observed that there was a loss in the sample volume after the
filtration by porcelain Blichner with a paper filter. It was also observed that the sample
prepared with 0.5 g feces and in a total of 3 mL of the liquid part was very viscous and
difficult to be filtrated, probably being the culprit for volume loss. Therefore, the optimal
volume for the filtration was reconsidered. The weight of feces was reduced by 2-fold from
0.5 to 0.25 g, while the water volume was double starting at 4, 4.5, 5.5, and 6.5 mL giving
a total volume of 4.5, 5, 6, and 7 mL. After being filtrated by the porcelain Blichner and
filter paper, the % volumetric yield of these samples was reported (Table 13). The optimal
volume was found to be the condition Vol-3 with a volumetric yield of 79%. This condition
was chosen as a standard volume for sample preparation. It had 0.5 mL of stock FRET-
LNCs and 5.5 mL of MilliQ water, making a total volume of 6 mL.
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Table 13. Result of the test on volumetric yield after filtration via porcelain Blichner +
paper filter

FRET-LNCs
. Feces Total volume %Volumetric
Condition ) stock solution MilliQ water (mL)
weight (g) (mL) yield
(mL)
Vol-1 0.25 0.5 4 4.5 55
Vol-2 0.25 0.5 4.5 5 75
Vol-3 0.25 0.5 5.5 6 79
Vol-4 0.25 0.5 6.5 7 68

3.4.2 Study on method for homogenization

From the experiment, one rat was observed to produce a large number of feces,
around 10 g over 24 hours. Therefore, the use of mortar and pestle was introduced to help
to homogenize a big bulk of feces before sampling. Different combinations between the
use of mortar and pestle, homogenizer (Ultra-Turrax®), and filtration were evaluated, and
the results are shown in Table 14. The condition D1 was the mix between mortar and
pestle with Ultra-Turrax®. It turned out that this condition gave a low %signal recovery
at 12% and also caused damage to the integrity of the FRET-LNCs as the PR dropped to
0.68. Compared to condition D3, in which mortar and pestle were used for the
homogenization, the % signal recovery was higher at 59%, while the LNCs sample still
maintain the full integrity. This means the Ultra-Turrax® should not be used further as
their force might be excessive to the LNCs. Interestingly, the worst condition is D2, in
which mortar and pestle were rinsed with water. It turned out that the rinse caused the
feces powder to be adhesive to the mortar and pestle’s porcelain surface. The poor %signal
recovery of this condition was a result of this loss. Hence, the mortar and pestle should
not be rinsed with water. Finally, the best condition was D4 (Mortar-Pestle with
centrifugation of 3100 G for 15 min), with the %signal recovery as high as 84% with LNCs
maintaining full integrity. This result means that centrifugation worked better as a fiber
removal method while preserving the LNCs integrity and has no adsorption problem. This
also means that the reason that the previous experiment with centrifugation (Table 12)
had zero %signal recovery was a result of the use of Ultra-Turrax® rather than the
problem from the centrifugation method itself. In conclusion, condition D4 was chosen as

a standard method for the next step to construct the FRET calibration curve.
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Table 14. Result of the test on the mortar and pestle method

Condition Homogenization Fiber removal method Yosignal PR
method recovery

D1 Mortar-Pestle & Filtration by porcelain Blchner + 12 0.68
Ultra-Turrax® paper filter

D2 Mortar-Pestle (wet) | Filtration by porcelain Blchner + 8 0.59
paper filter

D3 Mortar-Pestle (dry) | Filtration by porcelain Blichner + 59 0.81
paper filter

D4 Mortar-Pestle (dry) | Centrifugation 3100 G, 15 min 84 0.82

3.4.3 Calibration curve construction

Using condition D4 (mortar-pestle with centrifugation at 3100 G force for 15 min),
the calibration curve between FRET acceptor intensity and LNC-50-PEG particle
concentration (particle/g feces) was successfully constructed with the limit of detection at
8 x 10! particles/g feces, the linearity R> = 0.998, and the PR in the range of 0.71-0.78.
The quantitative FRET technique for feces extraction was successfully developed with a
calibration curve validated (Supplementary Figure S3-4).

3.5. Biodistribution of intact LNCs in hepatic portal system and feces

Table 15 shows the result of the experiment in each condition and in each rat. At
first, rats were treated with LNC-50-PEG with the dose of 2 x 10%* particle/100 g rat and
the sacrifice time at 24 hours (condition A). After 24 hours, no FRET acceptor signal was
found in the portal vein’s blood, liver, and feces. Rat autopsy also showed that no FRET-
LNCs remained in the GI system. It is possible that the 24-hour time period was too long
that FRET-LNCs had been completely eliminated from the rat body. Hence, the sacrifice
time was reduced to 4 hours in the next experiment.

For condition B, three rats were treated, each with LNC-50, LNC-85, and LNC-85-
PEG with the lower gavage dose of 5 x 10?3 particles/100 g rat and a sacrifice time at 4
hours. All rats were still sacrificed after 4 hours, and the autopsy results found that, even
with lower dose and gavage volume, FRET-LNCs were still present throughout the GI tract.
However, no FRET acceptor signal was found in the portal vein’s blood, liver, and feces.

In conclusion, intact FRET-LNCs were not found in the hepatic portal system and
feces after oral gavage either by the high dose of 2 x 10! particles/100 g rat or the low
dose of 5 x 10'3 particles/100 g. FRET-LNCs may enter the intestine after 2.5 hours after
the administration and reach all parts of the GI tract after 4 hours, meaning that the
absorption process of FRET-LNCs (regardless of dose) starts at around 2.5-4 hours after
the oral administration (Figure S3-5 to Figure S3-6Figure S3-8). Moreover, for feces,
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despite the fact that the pellet of the fecal matter after centrifugation still had a taint of
purple (color of FRET dyes), intact FRET-LNCs were not found in the feces sample either
at 4 hours or after 24 hours, suggesting that FRET-LNCs might be fully destroyed in the
rat's GI. However, food content might also be another factor affecting the absorption.
Therefore, a renew experiment with fasted rats should be conducted in the future.

Table 15. Experiment results of intact LNCs in the hepatic portal system and feces.

Gavage dose | Sacrifice
i Rat Portal
Formulations | Condition | (particles/100 after ) Liver Feces
No. vein’s blood

g rat) (hours)
LNC-50-PEG A 2 x 10% 24 1 No FRET No FRET | No FRET
A 2 x 10% 24 2 No FRET No FRET | No FRET
A 2 x 10 24 3 No FRET No FRET | No FRET
LNC-50 B 5 x 1013 4 1 No FRET No FRET | No FRET
LNC-85-PEG B 5 x 1013 4 1 No FRET No FRET | No FRET
LNC-85 B 5 x 1013 4 1 No FRET No FRET | No FRET

No FRET = no FRET acceptor signal found i.e., %FRET recovery = 0%.

Combining all the obtained results (Figure 6), it is evident that FRET-LNCs did not
absorb via the intestinal barrier and were completely destroyed in the GI tract. This means
the evidence did not support the hypothesis that intact LNCs absorption across the
intestinal barrier contributed to the increased oral bioavailability of many drugs. Similar
results were obtained in the literature that the solid lipid nanoparticles (SLN) with the size
of 50, 75, and 90 nm [144], which are closely related to the LNCs used in the study. SLN
is made of lipid and shelled with surfactant but different from LNCs that its core is in a
solid state while the core of LNCs is in liquid state. An in vivo SLN oral bioavailability study
using water-quenching fluorescent probes found that SLN quickly degraded in the small
intestine of mouse and no intact SLN found being absorbed into the systemic
circulation [144]. Another oral absorption study on 100, 200, and 500-nm liposome also
found no intact liposome entering the systemic circulation [142]. It seems that this is a
common trait of lipid-type nanoparticle. Future projects should investigate the particle
stability of LNCs in the intestinal fluid and elucidate the mechanisms which LNCs was
destroyed in the GI tract.
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Figure 6. Schematic illustration showing the location of FRET-LNCs in the rat's GI system
at 0, 2.5, 4, and 24 hours after oral gavage (above). Quantity of intact LNCs in rat's GI

system, hepatic portal vein, liver, feces, and systemic circulation, quantified by
quantitative FRET (below).
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4. Conclusion

Summarily, first, FRET encapsulated LNC-50, LNC-50-PEG, LNC-50-SA, LNC-85,
LNC-85-PEG, and LNC-85-SA were not found in the systemic circulation during the time
period of 24 h after oral gavage with the dose of 1.5 x 10** and 2 x 10! particles/100 g
rat. The oral bioavailability of intact LNCs is F = 0 %. Second, the development of
quantitative FRET for feces samples was successful but not for the intestinal tissue sample.
Third, FRET-LNCs and pegylated FRET-LNCs were not found in the hepatic portal system
(liver and portal vein’s blood) and feces at 4 or 24 hours after the oral administration
either by the high dose 2 x 104 particle/100 g rat or low dose 5 x 10*3 particle/100 g rat.
In conclusion, it is evident that, in a rat model, intact FRET-LNCs did not absorb through
the GI route and were completely destroyed in the GI. This discovery should be taken into
consideration for the future design of LNCs formulation as the oral drug delivery system.
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Supplementary data

Figure S3-1. Intestinal sample prepared in 5-mL water (control) after the
ultracentrifugation with 4 x 10° G force for 2 hours. Thick mucus layer was observed on

the top of the supernatant, blocking the separation of LNC-50.

N

X

Figure S3-2. Intestinal sample prepared in 5-mL of 3% L-cysteine after the
ultracentrifugation with 4 x 10° G force for 2 hours. Thick mucus layer was observed on
the top of the supernatant with a crystalized L-cysteine at the bottom and the wall of the

tube, blocking the separation of LNC-50.

Figure S3-3. Intestinal sample prepared in 5-mL of acetate buffer pH 5.0 after the
ultracentrifugation with 4 x 10° G force for 2 hours. No separation was clearly observed,

indicating a failure to separate LNC-50.
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FRET Acceptor intensity calibration curve in feces
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Figure S3-4. Example of feces quantitative FRET calibration curve of LNC-50-PEG
between FRET acceptor intensity and particle concentration per gram of feces.

A

Figure S$S3-5. Rat autopsy at 24 hours after the gavage of LNC-50-PEG with the dose
2 x 10'% particle/100 g rat. FRET-LNCs were not observed in any part of the GI tract.
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Figure S3-6. Rat autopsy at 2.5 hours after the gavage of LNC-50 with the dose
2 x 10 particle/100 g rat. FRET-LNCs were not observed in the intestine yet.

Figure S3-7. Rat autopsy at 4 hours after the gavage of LNC-50 with the dose 2 x 10
particle/100 g rat. FRET-LNCs were observed in all parts of the GI tract.
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Figure S3-8. Rat autopsy at 4 hours after the gavage of LNC-85 with the dose 5 x 1013
particle/100 g rat. FRET-LNCs were observed in all parts of the GI tract.

@383 115



Chapter 4: General discussion

LNCs provide great benefits for its ability to increase oral bioavailability of many
encapsulated drugs, making it one of the promising oral nanomedicines. However, the oral
absorption of the intact LNCs itself has not yet been well studied because of a lack of an
appropriate tool. The conventional approach studying only the absorption of the
encapsulated drugs alone is also incapable to give the full picture of the behavior of
nanomedicine formulations.

Hence to fill in the gap and to advance the knowledge of nanomedicine oral
absorption, this thesis had the objectives to develop the appropriate tool for absorption
study of intact LNCs and then characterize their oral bioavailability. The in vivo
pharmacokinetics and the in vivo bioavailability of intact LNCs were more precisely
characterized with the implementation of the new tools, namely, 1) the in vitro Caco-
2/HEMC-1 coculture model and 2) the quantitative FRET techniques for in vivo samples,
the in vitro absorption.

1. In vitro oral absorption of intact LNCs

1.1 Development of the new in vitro Caco-2/HMEC-1 coculture
model

The development of this Caco-2/HMEC-1 is the resolution to the lack of endothelium
cell lines in the conventional in vitro model. The new coculture model between Caco-2 and
HMEC-1 was observed to have a 3-times increase in the transepithelial electrical resistant
(TEER) compared to the Caco-2 model alone (Chapter 1, Figure 2), meaning that the
coculture model had the elevated in tight junction integrity possibly caused by the addition
of the HMEC-1 endothelium [145]. Interestingly, a monolayer of HMEC-1 in Transwell®
has almost the same TEER as the Transwell® filter. Hence, it is less likely that the huge
increase in the tight junction integrity is caused solely by the integrity of the HMEC-1, but
rather the result of change in the Caco-2’s tight junction integrity. An increase in tight
junction integrity of Caco-2 cells is generally associated with the balance between the
upregulation of thigh junction-sealing protein claudin-4 and the downregulation of tight
junction pore-forming protein claudin-2 [146,147]. The cytokine Interleukin-6 (IL-6) was
observed to promote claudin-2 in Caco-2 [148,149]. Transforming Growth Factor-f3
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isoform 1 (TGFB-1) was found to be responsible for the upregulation of claudin-4 in a
monolayer of HT-29/B6 cells, which is a subtype of Caco-2 cell [150]. It could be
hypothesized that the presence of HMEC-1 in the coculture model may alter many
cytokines levels in the Transwell® system influencing Caco-2 and resulting in, at least,
the reduction of IL-6 and the increase of TGFB-1. However, the elevation in the integrity
of tight junction could also associate with other protein, for example, claudin-1, -3, -5, -
6, -8, -12, -18, and -19 which also involve many other cytokines [146]. Further studies
on the expression of claudin proteins and TGFB-1 may be needed to elucidate this
phenomenon [151].

Summarily, the addition of HMEC-1 to the Caco-2 causes the change in the
biological function of the membranes by greatly increase the tight junction’s integrity.
Thus, the new Caco-2/HMEC-1 model has different biological property from the

conventional Caco-2 model.

1.1.1 Caco-2/HMEC-1 coculture model for drug molecule permeability
assay

Despite increase in the membrane integrity (TEER), the Caco-2/HMEC-1 coculture
model has the same permeability to drug molecule as the Caco-2 model (Chapter 1,
Figure 3). A monolayer of HMEC-1 endothelium also has the permeability to drug
molecules similar to that of the blank Transwell® filter. However, this is unsurprising
because the pathway of drug molecule absorption relies mainly on the chemical process
of passive diffusion that tight junction has little effect on it[152,153]. Therefore, for the
study on the permeability of drug molecule in terms of the chemical assay, the new
Caco-2/HEMC-1 coculture model may be considered as an optional to the conventional
Caco-2. However, since the new coculture model has different biological property to that
of Caco-2, the permeability of drugs that rely on the biological process may be different

from the conventional Caco-2 model.

1.1.2 Future improvements for Caco-2/HMEC-1 coculture model

The development of this Caco-2/HMEC-1 is just the first step and a proof of concept
for the epithelium-endothelium coculture model. In order to better imitate the intestinal
barrier structure, different cell types can replace the Caco-2 and HMEC-1. One interesting
cell line is HT-29 which is a subtype of Caco-2 but can differentiate to a goblet cell that
can produce mucus layer. If the coculture between HT-29/HEMC-1 is successful, it would
be a model that contain all three barriers: the mucus, the epithelium, and the endothelium.

Recently, it has been discovered that the intestinal crypts isolated from the human
intestine can form a 3D structure called “enteroids” in culture and present the same

histological and functional properties as the intestine. The conformation of enteroids can
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also be transformed from 3D to 2D and seeded onto the Transwell membrane [154-157].
Therefore, these enteroids technology could be beneficial for the optimization and
amelioration of the current in vitro model for future project. The future generation of the
in vitro coculture model should include both the enteroids epithelium and vascular
endothelium, to mimic the actual gut-blood barrier as much as possible.

For the endothelium, the use of HIMEC (human intestinal microvascular
endothelium cells) would also better reflex real intestinal cell structure than HMEC- 1
[158].

1.2 In vitro oral absorption of intact LNCs

The transport of the six LNCs formulations were evaluated in the Caco-2 model and
Caco-2/HMEC-1 coculture model with the control in HMEC-1 monolayer, blank Transwell®
filter. FRET was employed for the technique to quantify intact FRET-LNCs particles.

In the control blank Transwell® filter (Figure 6), the transport efficiency of the all
six intact FRET-LNCs formulations was around 8%. HMEC-1 monolayer alone was found to
act as the barrier that can decrease the transport efficiency of all formulation for around
5 times (from around 8% down to 2%), while this was not the case for drug molecules.
As mentioned previously, HMEC-1 has the same permeability to drug molecule as blank
Transwell® filter. This is one evidence that the in vitro absorption of drug molecule and
nanomedicine across the endothelium membrane are distinct and strengthen the need of

the endothelial barrier for the evaluation of the intestinal absorption of LNCs.
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%Transport Efficiency of FRET-LNCs after 2h (HMEC-1 vs. Blank Transwell®)
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Figure 7. Transport efficiency of six FRET-LNCs formulations after 2 hours in the
blank Transwell® (purple, n = 4), and HMEC-1 monolayer (green, n = 4). F1 = 50-
nm FRET-LNCs, F2 = 85-nm FRET-LNCs. The (+) symbols represent the arithmetic
mean, and the whiskers represent a 95% confidence interval (Kruskal-Wallis:

*p < 0.05).

For the Caco-2 model (Chapter 1, Figure 4), the transport efficiency of the FRET-
LNCs was very low <1%, some FRET-LNCs namely LNC-50-PEG, LNC-85-PEG, LNC-85-SA
even had 0% transport. It seems that pegylated LNCs could not cross the Caco-2
membrane at all regardless of size. And only 0.06% of LNC-50 crossed the Caco-2, which
was even lower than what observed previously in the literature [128], possibly because
the more experimental repetition (n=4-8) has been done in this study so that the average
decreased due to the fact that some repetition LNC-50 had 0% transport, while only 1
repetition was done in the literature. Hence, the result in our study was more accurate.
Besides, 92-100% of FRET-LNCs was still on the apical side after 2 hours of incubation in
Caco-2 and Caco-2/HMEC-1 models (Figure 7).
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Percentage of remaning LNC in the apical chamber of Transwell® after 2 hours
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Figure 8. % Remaining of six FRET-LNCs formulations after 2 hours in the Caco-2 model
(blue, n = 4-8), and the Caco-2/HMEC-1 coculture model (red, n = 4-6). F1 = 50-nm
FRET-LNCs, F2 = 85-nm FRET-LNCs. The (+) symbols represent the arithmetic mean, and
the whiskers represent a 95% confidence interval

As such, one would hypothesize that, if intact LNCs had to transport through both
Caco-2 and HMEC-1 as in the coculture model, the transport would be less or even
impossible. Surprisingly, the result was the opposite as LNC-50-PEG, LNC-85-PEG, LNC-
85-SA, which had 0% transport in Caco-2, now had >0% transport in Caco-2/HMEC-1
model (Chapter 1, Figure 4). That means the coculture model reacts to LNCs differently
from Caco-2 model. This result is in accordance with the discussion in section 1.1 that
the biological properties of Caco-2/HMEC-1 is distinct to that of the Caco-2 and as a result
of the addition of the HMEC-1 endothelium.

The main pathway of nanomedicine transport across GI epithelium occurs via
biological process such as active transports (also called transcytosis) [78,153,159-161].
Active transport consists of several pathways namely macropinocytosis, clathrin-mediated
endocytosis, caveolin-mediated endocytosis, clathrin- and caveolin-independent
endocytosis (a.k.a. lipid raft) via enterocytes as well as the phagocytosis via
M-cell [78,159].

For LNCs, it was found that the main absorption process across Caco-2 model
occurs via clathrin-dependent and caveolin-dependent transcytosis and is size-
independent [61,124]. The fact that LNC-50-PEG, LNC-85-PEG, and LNC-85-SA having an
increase in the transport in the new coculture model suggests an increase in transcytosis
that is more selective to pegylated LNCs and 85-nm size. As discussed before, it could be
hypothesized that the change in protein expression of cells or in cytokine level in the

120



coculture system may also have an effect on the transcytosis mechanisms. There is a
report that TGFB-1 can change the activity of receptor-mediated endocytosis [162,163].
Future studies should evaluate the transcytosis mechanism of LNCs in the Caco-2/HMEC-1
model to find how the transcytosis, in this new coculture model, differs from the
conventional Caco-2.

Finally, it could be concluded that the transport efficiency of intact LNCs across the
Caco-2 and Caco-2/HMEC-1 models is very low as <1% of the intact LNCs found in the
basolateral chamber. The transport less than 1% might look small, but considering that
GI transit can take several hours (the in vitro test only took 2 hours of incubation) and
the surface area of the intestine is extremely large around 1 m? for rat model [164],
compared to around 1 cm? for the Transwell® filter [165]. Therefore, it can be
hypothesized that intact LNCs would be detectable in the systemic circulation at some
degree. It is also important to have a final prove on in vivo oral absorption of intact LNCs,
in order to define their oral bioavailability. The successful use of FRET in this experiment
to quantify the % transport efficiency (amount of intact LNCs across Transwell®) is also
the proof of concept of the further use of FRET in the next in vivo study.

2. In vivo oral absorption of intact LNCs

2.1 Quantitative FRET for blood sample

The problem of the existing other in vivo FRET technique is that the method to
extract LNCs from the blood sample has not been adapted to conserve nanoparticles
integrity. Since LNCs is lipid particles, it could be rationalized that they can be extracted
from the blood sample using the widely-used technique to separate plasma called the
“density gradient centrifugation” technique [166-168]. It is the technique to separate blood
composition based on the density of each substance after applying the centrifugation force.
Polysucrose solution with certain density is added to the blood sample to act as a separator
between red blood cells and plasma. In this project, Histopaque® 1083, the polysucrose
with the density of 1.083 g/mL was utilized. Figure 9 shows the illustration of the density
gradient separation of rat blood sample containing intact FRET-LNCs after the
ultracentrifugation with 400,000 G force for 120 min. FRET-LNCs, which is lipid, go to the
top of the supernatant because it has the density less than water (1 g/mL) and plasma
(1.025 g/mL) [169].
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Figure 9. Illustration shows the density gradient separation of rat blood sample containing
FRET-LNCs (in a 200-uL polycarbonate tube) after ultracentrifugation with 400,000 G force
for 120 min. Density information of plasma and neutrophil obtained from Zipursky et al.

[169].

Figure 10 shows the real example distribution of the density gradient that blood sample

after the ultracentrifugation.

L.

Figure 10. Real example of FRET-LNCs separated from blood of the rat injected with FRET-
LNCs after ultracentrifugation. The purple layer of FRET-LNCs on the top is clearly visible
due to high injected dose (2x10%* particles/100 g rat). The clear layer in the middle
indicates blood plasma and polysucrose solution. Red layer at the bottom (partially
observable over the rack) indicates the red blood cell pellet. A thin white layer of
neutrophile can also be observed as a boundary between the red layer and clear layer (not
clearly visible in the photo).
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Besides, the extraction of LNCs from blood is just one step of the quantitative FRET
technique. The important step is to construct the calibration curves that link between the
FRET acceptor intensity signal to the FRET-LNCs particle concentration. The calibration
curves of the six LNCs formulations were successfully constructed (Chapter 2,
Supplementary 5) with the limit of detection (LOD) as low as 10!° particle/mL
(Chapter 2, Table S8-7), which corresponds to the 0.001% of the plasma concentration
of the injected dose (around 10?3 particle/mL plasma).

The reliability of the extraction method was also evaluated by the study on the
matrix effect between the calibration curves of the FRET-LNCs spiked blood sample
compared to the spiked water. The result showed a similar trend between the two. A slight
matrix effect of blood was observed, which can be fixed by preparing a new calibration
curve in each experimental session (Chapter 2, Figure S4).

A new quantitative FRET technique was successfully utilized to determine the
plasma particle concentration-time profile and AUC of the intact FRET-LNCs (all six
formulations). The full algorithm for FRET-LNCs particle concentration quantification
procedure is detailed in Chapter 2, Scheme S1. This is the first true quantitative FRET
technique allowing for the advanced pharmacokinetic analyses such as the non-
compartmental analysis (NCA) and population pharmacokinetics.

2.2 Quantitative FRET for hepatic portal system’s organs

2.2.1 Development of quantitative FRET for liver, intestinal tissue, and
feces samples

LNCs extraction from liver, intestinal tissue, and feces is different from blood
because these are solid mass that needs an extra step for homogenization. The aim is to
reduce the size of the solid sample into a micron level to make it more resembling to blood
so that the same density gradient centrifugation technique can be applied.

Liver tissue is soft and requires only 45 seconds of homogenization with the speed
of 13,500 rpm. However, that is not the case for intestinal tissue and feces matter.
Intestinal tissue has a strong connective tissue and sticky mucus that is very difficult do
get homogenized. The feces matter, despite being soft, it is very greasy and contains large
amount of undigested fiber filaments with the size as long as 1 cm, which is also very
difficult to be homogenized. Longer homogenization time with faster speed was required
for these two samples. The integrity of LNCs was proved to be well resistant to the
homogenization up to 24,000 rpm for 10 minutes (Chapter 3) meaning that the use of
homogenizer seems practical. Heat produced by the homogenization (around 40 °C) was
observed but did not have a significant effect on the integrity of FRET-LNCs.
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The intestinal tissue was found to require the homogenization for 8 min with the
speed of 24,000 rpm. However, the intact LNCs extraction from the FRET-LNCs spiked
intestinal tissue sample failed. The cause of the failure was possible to be the high content
of mucus in the tissue that has high affinity to entrap FRET-LNCs [125]. The addition of
mucolytic agents (L-cysteine) could not improve the extraction of FRET-LNCs. Therefore,
the quantitative FRET for the intestinal tissue was not achievable. The extraction technique
is not appropriate for quantitatively assay of intact LNCs in the intestinal tissue. Besides,
it might be more appropriate to use qualitative imagery FRET for investigating cross-
section of intestinal tissue slides as in Liu et al. [142]. This technique does not allow for
quantification or semi-quantification of intact LNCs but allows for the penetration of FRET-
nanoparticle to be observed.

For the feces sample, the feces matter requires the homogenization for 10 min with
the speed of 24,000 rpm. However, very poor (almost none) recovery of intact LNCs was
obtained. It is possible that the spiked FRET-LNCs was destructed in the process by being
emulsified with the greasy feces matter under the fast homogenization condition. Thus,
the homogenization method was abandoned. The new technique used mortar and pestle
to grind up the feces matter into fine powder. Then, the fibers were removed by either
paper filtration with Blichner or centrifugation at 3000 G force for 15 min. This new
procedure was proved to be successful with the centrifugation method having higher FRET-
LNCs recovery than the filtration method, possibly because FRET-LNCs can be adsorbed
to the filter paper causing higher loss in the filtration method. Finally, the calibration curve
of FRET-LNCs in feces was achievable.

Summarily, the quantitative FRET technique for solid sample was achieved in liver
and feces.

2.2.2 Future improvements for the quantitative FRET

It seems that this technique is now proved to be capable only for the blood, liver,
spleen, and feces but not for the intestinal tissue. By the way, the quantitative FRET
technique has not yet been developed for other major organs such as brain, skin, ovary,
etc. If the quantitative method is developed for these organs, it is possible to study whole
biodistribution of intact nanoparticle in each organ in the true quantitative level. Indeed,
this quantitative FRET technique has a potentiality to be adapted to use with absorption
of intact LNCs via other routes of administration. Therefore, this new quantitative FRET
technique could also be a model for other FRET-system to adapt and follow. That would
be a great benefit for advanced pharmacokinetics study as a whole and not just study on
oral absorption.
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2.2.3 Intact LNCs in hepatic portal system and feces

The study on the amount of intact FRET-LNCs in the hepatic portal system (liver
and portal vein’s blood) and feces after oral administration of FRET-LNCs (LNC-50, LNC-
50-PEG, LNC-85, LNC-85-PEG) were conducted in rat model and reported in Chapter 3.
No intact FRET-LNCs (all 4 formulations) was found in liver and portal vein’s blood after 4,
and 24 hours, similar to the result from the systemic circulation that has virtually 0% oral
bioavailability. This result also correlates with the in vitro model in Chapter 1, the intact
LNCs have only 0.06% transport via Caco-2/HEMEC-1 membrane. That is hypothetically
corresponded to 2.4 x 10 particles/mL rat plasma (considering that the initial
concentration of the intact FRET-LNCs in rat plasma was 4 x 10'3 particles/mL rat plasma,
Chapter 2), which is very close to the detection limit of the quantitative FRET in blood
sample at around 10%° particle/mL. Therefore, it is reasonable that intact FRET-LNCs were
not less likely to be detected in blood after absorption. By the way, it is still possible that
little amount of intact FRET-LNCs with the concentration lower than the detection limit
could enter the hepatic portal system and the systemic circulation system. However, the
concentration of 10%° particle/mL is only around 0.001% of the plasma concentration of
the injected dose, this amount of intact FRET-LNCs would not yield any significance to the
therapeutic effect. Therefore, it could be finally concluded that the absorb of intact FRET-
LNCs through the intestinal route is unlikely.

For feces, the whole feces were collected after 24 hours after FRET-LNCs was orally
administrated. The traces of the Dil and DiD (FRET dyes) were visibly observed in the feces
pellet after the centrifugation as the matter still had a tint of purple. However, neither
intact LNCs nor FRET dyes were found in the extracts, meaning that no intact LNCs
survived the digestion. The apparent purple color could just be a remnant of the FRET
dyes that was released from the dissociated FRET-LNCs and attached to the greasy fecal
matter. From rat autopsy, at 4 hours after the oral administration, FRET-LNCs were
present in the stomach, small intestine, and the caecum of the rat. Fermentation of the
feces matter in the caecum of the rat may be the cause that FRET-LNCs were completely
destroyed in the digestive tract. The particle stability in the rat caecum can be investigated
by incubating FRET-LNCs in the slurry of the caecum content obtained from rat [170]. In
addition, the effect of food on the absorption should also be considered. Hence, a renew
experiment in fasted rat should also be conducted in the future.
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2.3 Lack of intact LNCs oral absorption

Figure 11 provides a schematic illustration summarizing the thesis project. The
evidence from both the in vitro and in vivo results are in accordance that it does not
supports the hypothesis that intact LNCs can absorb via the intestinal membrane. The

evidence also suggests that LNCs may be completely destroyed in the GI.

Thesis objectives: Characterization of oral absorption of intact LNCs

(LNCs Size: 50, 85 nm; LNCs Surface modifications: none, DSPE-mPEG-2000, Stearylamine)
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In vitro LNCs oral absorption In vivo LNCs oral absorption In vivo LNCs IV injection
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Figure 11. Schematic illustration summarizing the thesis project.

There are two scenarios of the effect of LNCs formulation on the oral bioavailability
and therapeutic efficacy. First, the scenario that LNCs formulation help to increase the
therapeutic efficacy in correlation with an elevated oral bioavailability. It could be
hypothesized that while the LNCs is destroyed by GI enzyme, their remnants including
triglyceride and surfactant can also facilitate the absorption of the encapsulated
drugs [171]. The surfactant macrogol 15 hydroxystearates (Solutol® HS-15 a.k.a.
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Kolliphor® HS-15) that making up the shell of LNCs can also inhibit the Pgp reducing efflux
pump of drug such as paclitaxel resulting in the increase in the oral bioavailability
[29,172].

Second, the scenario that oral bioavailability and therapeutic efficacy do not
correlate causing the inexplicable discrepancy to the classical pharmacokinetic model
[91,102]. It could be hypothesized that the remnants of LNCs in the lumen also absorb by
the pathway similar to that of the digested lipid nutrients. That is to say, if the LNCs
remnant is long-chain triglyceride (carbon atom > 12), it can mainly absorb by
incorporating to the chylomicron and biodistribute in the body via the lymphatic system.
And if the remnant is medium- or shot-chain triglyceride (carbon atom < 12), it will mainly
absorb by entering the hepatic portal system [173]. Figure 12 illustrates the absorption
pathway of the digested lipid-type nanoparticles.
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Figure 12. Absorption pathway of digested lipid-type nanoparticles. FA = fatty acid.
MG = medium chain triglycerides. C = carbon atom. TG = triglycerides. ER = endoplasmic
reticuli. Lipoproteins = chylomicrons. Reprinted from Wang et al. [173].

As the lipid core of LNCs makes up by the medium-chain triglycerides, its remnant could
theoretically have the main absorption through the hepatic portal system. However, one
evidence may suggest otherwise. A study by Tran et al. [92] found that paclitaxel
encapsulated in LNCs having a 2-fold increase in the absorption via lymphatic system (rat
auxiliary lymph node at 4 hours) compared to paclitaxel solution. That means the
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absorption of LNCs remnant via lymphatic system may be higher than what described in
the literature [173].

The lymph absorption hypothesis can also explain the discrepancy in the study by
Eissa et al. [102] and Groo et al. [91]. In case of Eissa et al., LNCs formulations and drug
solution had the same oral bioavailability, but LNCs formulations gave higher anthelmintic
efficacy to the parasite-infected liver. It could be hypothesized that triglycerides of LNCs
facilitate the extra amount of miltefosine absorption via lymphatic system to reach the
infected liver more than oral solution. Triglycerides (LNCs remnants with miltefosine) will
be collected by chylomicron in the lymphatic system and enters the systemic circulation
at subclavian vein. Chylomicron will be metabolized by lipoprotein lipase to be the
chylomicron remnant. Then, this chylomicron remnant will be taken up by liver via
Lipoprotein receptor-related protein (LRP). In this case, the chylomicron, as an
endogenous lipid particles, can act as if it is a miltefosine encapsulated nanoparticle
targeting liver [45,173]. Besides, miltefosine has 98% plasma protein binding, which can
greatly reduce drug efficacy [174]. Chylomicrons transport may also help to protect
miltefosine from protein binding and to prolong the miltefosine stability in vivo, resulting
in higher therapeutic efficacy. Meanwhile, miltefosine solution may only have one
absorption pathway via hepatic portal vein as free miltefosine which almost all of it will
bind to blood protein. That is why miltefosine oral solution has poor efficacy, despite the
fact that it is absorbed via hepatic portal vein which goes directly to liver. Figure 13 shows
the lymphatic pathway of lipid absorption via intestinal lumen. Figure 14 shows

chylomicron transport from lymphatic system to liver.
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Tissues

In case of Groo et al., paclitaxel encapsulated in pegylated LNCs (by DSPE-mPEG-
2000) had the highest increase in oral bioavailability with 11-fold (compared to paclitaxel
oral solution) but failed to give anti-tumor efficacy (tumor size reduction), despite the fact
that classical LNCs with only 4-fold increase in oral bioavailability provided the highest
anti-tumor efficacy. It seems obvious that surface modification can have the effect to alter
both oral bioavailability and drug efficacy. According to the Iymphatic absorption
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hypothesis, it could be hypothesized that the remnant of this pegylated formulation (DSPE-
mMPEG-2000 coating LNCs) better absorbs through the hepatic portal system rather than
the lymphatic system like other LNCs formulations (classical LNCs, or chitosan-LNCs) so
that the plasma concentration of paclitaxel by this pegylated formulation appears the
highest. Pegylated nanoparticles were reported to have mucopenetrating effect [177] and
liposome coated with DSPE-PEG-2000 was found to increase mucus penetration [178]. In
vitro study in Caco-2/HT-29 model found that the cellular uptake of liposome coated with
DSPE-PEG-2000 was not perturbed by the mucus [179]. Hence, it is possible that, due to
this highly mucopenetrating effect, pegylated paclitaxel-LNCs may be able to reach the
enterocyte cell surface, internalize, get destroyed in the cell, and then release to the
mesenteric vein (and hepatic portal vein) as free paclitaxel. Meanwhile, classical
paclitaxel-LNCs will get stuck to the mucus and turn into a lipid droplet, which will finally
absorb via lymphatic system (Figure 12). Paclitaxel also has high plasma protein binding
at 89-98% [180]. Therefore, the absorption via chylomicron will help prevent paclitaxel
from protein biding resulting in better drug efficacy. Meanwhile, DSPE-PEG-2000 coated
LNCs with higher absorption via hepatic portal vein as free drug does not have this benefit.
Moreover, the tumor may be more accessible via lymphatic system so that high absorption
via blood system rather causes the drug to reach the tumor less and resulting in the
discrepancy between elevating oral bioavailability and fail anti-tumor efficacy.

In order to prove this lymph absorption hypothesis, a study on drug level in the
lymphatic system after oral administration of drug encapsulating LNCs formulation should
be conducted. Another study that can be performed is to use chylomicron blocker such as
cycloheximide to block the absorption via lymphatic system. Cycloheximide will be given
to rats before the oral administration of drug encapsulating LNCs formulations, then the
decreasing in oral bioavailability or therapeutic efficacy will be determined to find
magnitude of lymphatic absorption [173].

This discovery and explanation may help future project to take better decision on
the design of LNCs formulation. LNCs formulations is still useful to improve the oral
bioavailability and therapeutic efficacy of many drugs. However, since the intact LNCs do
not orally absorb, this nano-delivery system may not be suitable via oral route for targeting
therapy of inner organs such as brain, heart, kidney, etc. Instead, following its absorption
pathway, LNCs may still be beneficial for drugs that target liver or lymphatic system.
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Conclusion

In conclusion, we successfully achieved the new in vitro coculture model of Caco-2
epithelium and HMEC-1 endothelium and developed the new quantitative FRET technique
for in vivo tracking intact LNCs, and finally proved that intact LNCs do not cross the
intestinal membrane.

The new in vitro Caco-2/HMEC-1 coculture model is a useful tool that can be utilized
to study with other type of nanoparticles, drugs, or even food products which, more and
more, nanotechnology has been involved. The new model is also relatively cheaper and
easier to produce. It could be useful for high-thruput screening or daily use in the
laboratory. The interesting thing about the model is that it has a specific interaction with
nanoparticles. The new in vitro model gave surprising results that LNCs had an increase
in permeability despite an increase in the integrity of the membrane due to the addition
of the endothelium layer. This result seems counterintuitive and could imply that unknown
transport mechanisms may be involved to increase the transport of the intact
nanoparticles. To elucidate this, more studies on the endocytosis mechanisms should be
performed in future projects.

The new quantitative FRET technique is the first true quantitative technique for in
vivo nanoparticle tracking using FRET. However, it seems that this technique is now proved
to be capable only for the blood, liver tissue, and feces but not for intestinal tissue. By the
way, the quantitative FRET technique has not yet been developed for other major organs
such as brain, lungs, spleen, ovary. If the quantitative method is developed for these
organs, it is possible to study whole biodistribution of intact nanoparticle in each organ in
the true quantitative level. Indeed, this quantitative FRET technique has a potentiality to
be adapted to use with absorption of intact LNCs via other route of administration. Besides,
in the Bibliographic study, there are many other semiquantitative FRET techniques that
are capable to be upgraded to be a true quantitative FRET. Therefore, this new quantitative
FRET could also be a model for other FRET-system to adapt and follow. That would be a
great benefit for advanced pharmacokinetics study as a whole and not just study on oral
absorption.

Finally, evidence form the in vitro and in vivo studies do not support that intact
LNCs can absorb via the GI. It also suggests that LNCs may be completely destroyed in
the GI. Therefore, it is hypothesized that the increase in oral bioavailability could be a
result of the elevated absorption of LNCs remnants through lymphatic system as LNCs is
lipid, which generally would absorb mainly through this path. This discovery is beneficial
for future nanomedicine design to better suit the absorption via this pathway. And if future
research could prove that LNCs prefer the absorption via lymphatics route, this would be
beneficial for LNCs drug delivery via the lymph node.
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Evaluation des nanocapsules lipidiques pour I'absorption orale a I'aide de la nouvelle

technique quantitative FRET
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Résumé : Les nanocapsules lipidiques (LNC)
bénéficient de leur capacité a augmenter la
biodisponibilité orale des nombreux
médicaments encapsulés, ce qui en fait des
nanomédecines orales trés prometteuses.
Cependant, I'absorption orale des LNC intactes
n'a pas encore été bien étudiée en raison de
I'absence d'un outil approprié pour les quantifier.
Par conséquent, cette thése vise a caractériser
I'absorption orale des LNC intactes in vitro et in
vivo. Des LNC de différentes tailles (50 et 85 nm)
et des modifications de surface (aucune, DSPE-
mPEG2000 et stéarylamine) ont été
développées pour les tests tout au long de la
thése. Pour la premiére partie, un nouveau
modéle de coculture in vitro de I'épithélium Caco-
2 et de I'endothélium HMEC-1 (modéle Caco-
2/HMEC-1) a été développé pour étudier le
transport in vitro des particules des LNC a travers
les membranes de type épithélium intestinal-
endothélium.

Pour la deuxiéme partie, la nouvelle technique
quantitative FRET (transfert d'énergie par
résonance de Forster) a été développée pour
I'analyse quantitative des LNC intactes dans le
sang, le foie et les féces. Ensuite, la
pharmacocinétique des LNC intactes a été
étudiée aprés l'administration IV a l'aide de
FRET. Enfin, I'absorption orale in vivo des LNC
intactes a été étudiée chez le rats a travers 1) la
biodisponibilité orale, 2) la biodistribution dans
la veine porte hépatique et au foie, et 3) les
LNCs intactes restant dans les féces. L'étude in
vitro a révélé que les LNC intactes avaient un
transport inférieur a 1 % sur le modele Caco-
2/HMEC-1. L'étude in vivo a révélé 0 % de
biodisponibilité orale et 0 % de LNC intactes a
été quantifié dans la veine porte hépatique, le
foie et les feces aprés 4 heures de gavage oral.
Les résultats suggérent que les LNCs intactes
peuvent ne pas étre absorbées par la voie Gl.

Evaluation of lipid nanocapsules for oral absorption using new quantitative FRET technique

Keywords: Lipid nanocapsules ; nanomedicines ;

Abstract: Lipid nanocapsules (LNCs) benefit
from their ability to increase the oral
bioavailability of the many encapsulated drugs,
making them one of the promising oral
nanomedicines. However, the oral absorption of
the intact LNCs itself has not yet been well
studied because of the lack of an appropriate
tool. Hence, this thesis aims to characterize the
oral absorption of intact LNCs in vitro and in
vivo. LNCs with different sizes (50- and 85-nm)
and surface modifications (none, DSPE-mPEG-
2000, and stearylamine) were developed for the
tests throughout the thesis. For the first part, the
new in vitro coculture model of Caco-2 epithelium
and HMEC-1 endothelium (Caco-2/HMEC-1
model) was developed to investigate the in vitro
particle transport of LNCs across the epithelium-
endothelium membranes.

FRET ; oral absorption ; cell culture ; Caco-2

For the second part, the new quantitative
(Forster resonance energy transfer) FRET
technique was developed for quantitative
analysis of intact LNCs in blood, liver, and feces.
Then, the pharmacokinetics of intact LNCs was
studied after IV administration using FRET.
Finally, in vivo oral absorption of intact LNCs
was studied in rats by evaluating 1) the oral
bioavailability, 2) the biodistribution to hepatic
portal vein and liver, and 3) the remaining intact
LNC in the feces. The in vitro study found that
intact LNCs had <1% transportation across the
Caco-2/HMEC-1 model. The in vivo study found
0% in vivo oral bioavailability and 0% of intact
LNCs is quantified in the hepatic portal vein,
liver, and feces after 4 hours of oral gavage. The
evidence suggests that intact LNCs may not be
absorbed via the Gl route.



