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Abstract
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The blood-brain barrier (BBB) is the primary obstacle for efficient drug delivery to the
central nervous system (CNS). One promising strategy to enhance brain delivery is to utilize
nanocarriers (NC), e.g., liposomes, encapsulating CNS drugs. However, there is still a lack of
understanding of how carrier- and payload-associated factors with liposomal brain delivery may
influence brain drug uptake and ultimately therapeutic performance. In this thesis, the impact of
factors including the liposomal formulation, the addition of a BBB-targeting ligand and the BBB
transport properties of the payload itself on brain drug delivery were quantitatively investigated
in vivo with microdialysis. Furthermore, by using a model-based approach, the benefits of NCs
with different properties to increase the therapeutic index of CNS drugs were studied and key
parameters influencing the therapeutic performance were identified.

The formulation of PEGylated (PEG) liposomes could significantly influence brain delivery
of methotrexate (MTX). Compared to free MTX, PEG liposomes based on egg-yolk
phosphatidylcholine (EYPC) increased brain uptake of MTX by 3-fold, while the formulation
based on hydrogenated soy phosphatidylcholine (HSPC) did not affect the uptake at all. Also,
PEG liposomes could influence the BBB transport of payloads differently, depending on if the
payload itself show active uptake or efflux at the BBB. For diphenhydramine (DPH), a drug
with active uptake at the BBB, PEG-EYPC liposomes significantly reduced its uptake into the
brain. Moreover, the brain-targeting effect of glutathione (GSH)-tagged PEG liposomal MTX
was highly dependent on the liposomal formulation that is combined with GSH. Compared to
the PEG control formulations, GSH-PEG-HSPC liposomes increased brain delivery of MTX 4-
fold, while GSH-coating on PEG-EYPC liposomes did not further enhance the uptake. In the
last simulation study, two independent processes of nanodelivery to the brain were identified.
A NC only prolonging circulation time increases the therapeutic index by reducing peripheral
toxicity, while a NC with increased circulation time and brain uptake improves the therapeutic
index due to both elevated central effect and decreased peripheral toxicity. Faster in vivo drug
release and faster systemic elimination of the intact NC reduce the therapeutic performance. A
drug with shorter half-life will obtain more therapeutic benefit from NC-encapsulation.

In summary, this thesis work contributes to a better understanding of factors governing the
success of liposomal brain delivery and gives important insights on what needs to be considered
and how to optimize the properties of a NC when developing NC-based strategies for treating
CNS diseases.
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ABC ATP-binding cassette 
ACN Acetonitrile 
AMT Adsorptive-mediated transcytosis 
AUCu,brain Area under the unbound brain concentration-time curve 
AUCu,plasma Area under the unbound plasma concentration-time curve 
AUCu,ss,brain Area under the unbound brain concentration-time curve 

during a dosing interval at steady-state 
BBB Blood-brain barrier 
BCRP Breast cancer resistance protein 
Chol Cholesterol 
CL Clearance 
CLu,drug Systemic elimination clearance of unbound drug 
CLc,NC Systemic clearance of intact nanocarrier with drug still 

encapsulated 
CLin Net influx clearance into the brain 
CLin,NC,app Apparent influx clearance into the brain related to the 

nanocarrier 
CLout Net efflux clearance from the brain 
CMT Carrier-mediated transport 
CNS Central nervous system 
Cu,max,ss,plasma Maximal concentration of unbound drug in plasma during 

a dosing interval at steady-state 
Cu,min,ss,plasma Minimal concentration of unbound drug in plasma during 

a dosing interval at steady-state 
Cu,ss,brain Unbound concentration in brain interstitial fluid at steady 

state 
Cu,ss,plasma Unbound concentration in plasma at steady state 
DOX Doxorubicin 
DPH Diphenhydramine 
ELSD Evaporative light-scattering detection 
EYPC Egg-yolk phosphatidylcholine 
FA Formic acid 
GSH Glutathione 
HPLC High-performance liquid chromatography 
HSPC Hydrogenated soy phosphatidylcholine 
ISF Interstitial fluid 



 

IR Insulin receptor 
Kp,uu Unbound brain-to-plasma concentration/exposure ratio 
krel Release rate constant 
LC-MS/MS Liquid chromatography-tandem mass spectrometry 
LRP Low density lipoprotein receptor-related protein 
mPEG2000-DSPE 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-conju-

gated polyethylene glycol MW 2000 
MRM Multiple reaction monitoring 
MRP Multidrug resistance associated protein 
MTX Methotrexate 
NC Nanocarrier 
PAES Polyarylethersulfone  
PBS Phosphate-buffer saline 
PD Pharmacodynamics 
PEG Polyethylene glycol 
P-gp P-glycoprotein 
PK Pharmacokinetics 
RES Reticuloendothelial system 
RMT Receptor-mediated transcytosis 
SD  Standard deviation 
SLC Solute carrier 
t1/2 Half-life 
TD Toxicodynamics 
TfR Transferrin receptor 
TJ Tight junction 
UPLC-MS/MS Ultra performance liquid chromatography-tandem mass 

spectrometry 
UV Ultraviolet detection 
Vu,drug  Volume of distribution of unbound drug in the central 

compartment 
Vc,NC  Volume of distribution of nanoencapsulated drug in the 

central compartment 
Vu,brain Volume of distribution of unbound drug in brain 
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Introduction 

Efficient drug delivery to the brain is a huge challenge for the treatment of 
central nervous system (CNS) diseases [1-3]. The blood-brain barrier (BBB) 
is the major reason for unsuccessful drug delivery, in many cases limiting sys-
temically administered drugs from reaching the CNS at therapeutically effec-
tive concentrations [4, 5]. Various strategies have been developed in order to 
achieve sufficient BBB penetration. One possibility to improve brain delivery 
and ultimately therapeutic index is to formulate drugs into nanocarriers (NCs) 
like liposomes [6-8]. An important reason why liposomal brain delivery is ex-
pected to be promising relates to the possibility to functionalize the surface of 
the liposomes with certain moieties to obtain desired characteristics. For ex-
ample, after adding polyethylene glycol (PEG), the liposomes can be sterically 
stabilized with substantially prolonged circulation time [7, 9]. By choosing a 
ligand (e.g., antibodies, peptides) specific for proteins or receptors expressed 
at the BBB, the liposomes may take advantage of endogenous BBB-crossing 
mechanisms and facilitate drug delivery into the brain [10].  

Although the success of liposomal delivery to the brain has been indicated 
in some studies using pharmacodynamic (PD) measurements [11-13], the in 
vivo quantitative evidence that liposomes can actually increase brain uptake is 
still extremely sparse. Also, there is inadequate understanding of how carrier- 
and payload-related factors with liposomal brain delivery may influence drug 
transport across the BBB and ultimately therapeutic performance.  

In this thesis, the influence of different factors, including the formulation 
of liposomes, the addition of a BBB-targeting ligand and the BBB transport 
properties of the payload itself, on brain drug delivery were quantitatively 
evaluated in vivo using microdialysis. Furthermore, using a model-based ap-
proach with a given set of pharmacokinetic/pharmacodynamic (PK/PD) rela-
tionships, the benefits of nanodelivery to increase the therapeutic index of 
CNS drugs was investigated. Also, key formulation- and drug-related proper-
ties that influence the therapeutic performance were identified.  

The blood-brain barrier 
The BBB is mainly composed of capillary endothelial cells that separate the 
brain interstitial fluid (ISF) from the systemic circulation. There are also other 
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components including the extracellular basal membrane, glycocalyx, peri-
cytes, astrocytes, and microglia, which play supportive roles for the BBB. All 
of these structural components constitute the neurovascular unit [14]. As a 
dynamic barrier, the BBB efficiently regulates brain homeostasis, allowing 
selective uptake of nutrients and other essential substances into the brain, 
transporting waste products of brain function out of the CNS, and protecting 
the brain from potentially toxic substances circulating in the bloodstream [15, 
16]. The restrictive nature of the BBB also hinders the access of many drugs 
to their targets within the CNS. The BBB function derives from a combination 
of a physical barrier primarily due to the tight junctions (TJs) between the 
endothelial cells, a transport barrier mediated by the efflux transporters, as 
well as a metabolic barrier resulting from enzymes in the cytoplasm of 
endothelial cells [14]. 

Transport routes across the BBB 

There is a variety of transport routes through which endogenous and exoge-
nous substances can traverse between blood and the brain parenchyma (Fig. 
1) [17-19].

 
Figure 1. Transport routes across the BBB (Reprint from ref [16] with permission 
from the publisher). 

Passive diffusion 
Small lipophilic compounds such as diazepam can passively cross the BBB 
via transcellular diffusion through the endothelial cell membrane. The para-
cellular pathway, generally allowing small hydrophilic molecules to pass, is 
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highly restricted at the BBB due to the presence of TJs. Passive diffusion is 
only driven by the concentration gradient of the compound between blood and 
brain ISF without the need for energy. 

Carrier-mediated transport 
Carrier-mediated transport (CMT) is a critical pathway not just for the entry 
of many essential nutrients, e.g., glucose and amino acids into the brain, but 
also for efflux of waste products and hindering of the entrance of exogenous 
compounds. CMT is mediated by transporter proteins located at either the lu-
minal membrane of the endothelial cells facing blood or the abluminal mem-
brane facing the brain [16]. CMT can only rely on the concentration gradient 
of the compound, or it can be an active process against a concentration gradi-
ent, which requires energy provided by ATP hydrolysis.  

There are two important families of transporters expressed at the BBB, in-
cluding the solute carrier (SLC) and the ATP-binding cassette (ABC) trans-
porters. Important SLC transporters include organic anion transporter, organic 
anion-transporting polypeptide, organic cationic transporter, glucose trans-
porter, large neutral amino acid transporter and monocarboxylic transporter 
[20]. The major ABC transporters are P-glycoprotein (P-gp), multidrug 
resistance-associated protein (MRP) and breast cancer resistance protein 
(BCRP) [21]. P-gp and BCRP represent the two most essential efflux trans-
porters at the BBB that greatly limit drug access to the CNS for small molec-
ular drugs [22, 23]. P-gp is the most abundant efflux transporter in the rat 
BBB, followed by BCRP and MRP4 [24]. It is expressed primarily at the lu-
minal membrane of endothelial cells [25]. BCRP is more abundant in the hu-
man BBB than P-gp, also expressed mainly at the luminal side of the 
endothelium [21, 23, 26]. Due to the overlapping substrate specificities, P-gp 
and BCRP can work cohesively to restrict the entry of substances into the 
brain [27-29]. 

Receptor- and adsorptive-mediated transcytosis 
Macromolecules essential for normal brain function enter the brain through 
transcytosis mechanisms mediated by specific receptors at the BBB. Some 
examples of these receptors include the transferrin receptor (TfR), insulin re-
ceptor (IR) and low-density lipoprotein receptor-related protein (LRP) [30-
32]. The transcytosis process is thought to start with the binding of a ligand to 
its specific receptor. Then, the ligand-receptor complex triggers the endocyto-
sis at the luminal membrane and the formation of a clathrin-coated vesicle. 
This is followed by the migration of the vesicle through the cytoplasm and 
fusion of the vesicle with the abluminal side of the endothelial cell. Finally, 
the ligand dissociates from its receptor and enter the brain ISF (exocytosis) 
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[33, 34]. Receptor-mediated transcytosis (RMT) at the BBB is an energy-de-
pendent transport process [35].  

Another transport pathway for larger molecules is the adsorptive mediated 
transcytosis (AMT). AMT is a nonspecific transcytosis process triggered by 
an electrostatic interaction between positively charged compounds (e.g., pep-
tides and proteins) and the negatively charged membrane surface of endothe-
lial cells. AMT is less specific but has much higher capacity compared to RMT 
[36]. 

Strategies to increase brain delivery 
The limited success in obtaining sufficient brain penetration of CNS drugs has 
driven the development of several strategies to improve drug delivery across 
the BBB. One approach is to open the TJs in a coordinated, reversible and 
transient manner. TJs can be either chemically opened by using hyperosmotic 
agents, e.g., mannitol [37], bioactive molecules, e.g., bradykinin [38], and 
surfactants, e.g., polysorbate 80 [39], or physically opened through, e.g., ul-
trasound [40] and electromagnetic waves [41]. However, the application of 
these methods is limited due to drawbacks like their complex technical nature, 
low specificity and efficiency, severe side effects and exposure of the brain 
parenchyma to neurotoxic substances in the blood [7].  

Other invasive approaches with direct delivery of drugs into the brain pa-
renchyma after surgery include convection-enhanced delivery, intracerebro-
ventricular infusion and intracerebral injection. All these strategies are how-
ever very costly and patient-unfriendly, since hospitalization of the patients is 
usually required. Also, directly injected drugs have difficulties to diffuse 
within the brain parenchyma from the injection site, which may limit the drug 
from reaching a therapeutic concentration at the site of action [42]. 

Inhibition of efflux transporters (P-gp and/or BCRP) can effectively in-
crease drug uptake into the brain without compromising the integrity of the 
BBB. Commonly used inhibitors in preclinical studies include cyclosporine 
A, PSC833, Pluronic P85, elacridar and tariquidar [43-45]. Safety issues as-
sociated with high concentrations of inhibitors as well as increased BBB per-
meability are the primary concerns when applying this method, which has not 
yet reached clinical use. 

NC delivery systems 
NCs have gained progressively increasing research attention in both academia 
and industry over the last few decades. The increased knowledge of transport 
pathways at the BBB, together with the development of nanotechnology has 
significantly promoted research on the use of NCs as brain delivery vehicles. 
NCs are colloidal systems in the nanoscale with a size of 1-1000 nm, in which 
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the drug payload can be encapsulated, dissolved or attached. NCs attempted 
to improve brain drug delivery mainly includes liposomes, albumin 
nanoparticles, and polymeric nanoparticles [10].  

The promising features of NCs as general drug delivery systems are their 
abilities to carry both hydrophilic and lipophilic drugs without chemical mod-
ifications, protect them from degradation in systemic circulation, and release 
the payload in a sustained manner. Coating a NC with hydrophilic molecules 
like PEG can substantially prolong the circulation time. The expectation of 
using NCs as targeted brain delivery tool originates from the possibility to 
functionalize NCs with various moieties, attempting to take advantage of en-
dogenous transport pathways across the BBB. Increasing the positive charge 
on the surface of NCs with, e.g., cationic cell-penetrating peptides or cationic 
bovine serum albumin was reported to improve the brain drug uptake via AMT 
[46, 47]. NCs may also increase brain uptake through RMT when adding 
BBB-targeting ligands such as anti-TfR antibody (e.g., OX26, RI7217) [48], 
anti-IR antibody [49], ApoE [50], glutathione (GSH) [8, 51], and Angiopep 
[52]. Some studies have demonstrated that with the help of these ligands, an 
intact NC may penetrate the BBB through RMT and release the payload in the 
brain [50, 53]. However, there is still limited evidence showing if the extent 
of transcytosis of NC is sufficient to obtain an improvement in therapeutic 
effect compared to the unformulated drug. Moreover, although the importance 
of targeting ligands was indicated in some studies [8, 54], the ability of non-
targeting NCs to improve brain delivery should not be ignored. This has been 
demonstrated in two recent studies [55, 56]. It can also be speculated if NCs 
may also be able to interact with the BBB through other mechanisms than 
AMT or RMT. 

Liposomes 

Liposomes are vesicles made of a biocompatible-biodegradable phospholipid 
bilayer and an aqueous core. Water-soluble drugs are entrapped into their 
aqueous core and lipophilic molecules partition in the lipid bilayer [7]. Apart 
from small molecular drugs, liposomes are also able to carry larger biological 
compounds such as enzymes or nucleic acids [7, 57]. An important advantage 
of liposomes over other types of NCs for brain delivery is their strong presence 
in clinical use since a few decades, mainly in the chemotherapy field. Some 
examples of marketed liposome products include Doxil® or Caelyx® (PEG lip-
osomal doxorubicin (DOX)), and Myocet® (liposomal DOX without PEG) 
[58]. However, there are currently no clinically approved liposomal products 
aiming at specifically improving drug delivery to the brain. Two promising 
brain-targeting liposomal formulations undergoing clinical trials are 2B3-101 
(GSH-PEG liposomal doxorubicin) for brain tumors [8] and 2B3-201 (GSH-
PEG liposomal methylprednisolone) for neuroinflammation [12] from 2-BBB 
Medicines B.V. The G-Technology® was used in these formulations, which 
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utilizes GSH as a targeting ligand conjugated onto PEG liposomes. GSH is an 
endogenous tripeptide with antioxidant-like properties that is actively trans-
ported across the BBB [51, 54]. GSH also possesses a well-established and 
good safety profile when administered exogenously [54]. GSH-PEG lipo-
somes have been shown to enhance brain delivery of a few compounds includ-
ing small molecules, peptides and even antibody fragments in animal models 
[59-62]. The GSH-PEG as well as PEG liposomal formulations are studied in 
this thesis from a quantitative perspective. 

Factors governing the in vivo behavior of NCs 

To better design and optimize NCs, there is a need to explore the factors (both 
carrier and payload-related) that determine the in vivo behaviors of NCs and 
ultimately their delivery outcomes.  

The major carrier-related factors governing the in vivo behaviors of brain-
targeted NCs were suggested to be particle size, surface charge, the presence 
of hydrophilic polymers and targeting ligands on the surface [63, 64]. Some 
other factors are also crucial but generally receive less attention. The 
formulation of a NC, as a known factor determining the release rate of payload 
in blood [65], may also be able to influence drug transport at the BBB. For 
example, PEG liposomes based on egg-yolk phosphatidylcholine (EYPC) 
could double the brain uptake of DAMGO, an opioid peptide, compared with 
administering DAMGO itself [56]. However, in another study, PEG liposomal 
DOX based on hydrogenated soy phosphatidylcholine (HSPC) did not result 
in better inhibition of brain tumor growth than free DOX [8]. The combination 
with targeting ligands may also play a key role in affecting the brain-targeting 
effect of liposomes. For instance, in a previous study, a 4-fold higher brain 
uptake of carboxyfluorescein was found after administration of GSH-PEG lip-
osomes based on HSPC compared with administering non-targeted PEG con-
trol liposomes [54]. However, another study demonstrated that the addition of 
GSH did not provide additional benefit to the brain uptake of DAMGO com-
pared to PEG liposomes based on EYPC [56]. There are currently no system-
atic and quantitative studies investigating if and how the formulation (differ-
ent phospholipids) influence the delivery outcomes. 

Apart from these carrier-related factors, properties associated with the pay-
load may also affect NC-mediated brain delivery. For instance, the brain up-
take of drugs with different BBB transport properties (active influx or efflux) 
may be influenced differently after nanoencapsulation. For drugs with active 
efflux at the BBB, NCs may increase their uptake into the brain. On the other 
hand, for drugs showing active influx at the BBB, such as quetiapine, a re-
duced brain uptake was found when it was encapsulated into NCs [66].  
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PK concepts in drug transport across the BBB 

The PK principles describing drug transport at the BBB include the rate and 
extent of transport [67]. The rate of transport into the brain can be described 
by the in vivo permeability of the drug, measured by approaches like in situ 
brain perfusion [68]. The parameters that can be used to describe the permea-
bility include the permeability surface area product, the influx clearance, CLin 
or Kin [67]. The rate of transport out of the brain in vivo, which involves the 
processes of passive diffusion, active efflux transport, possible brain 
metabolism and clearance by the bulk flow to the cerebrospinal fluid is 
described by the efflux clearance, CLout. For drugs used for acute therapy, the 
rate is a crucial parameter to evaluate since a fast entry into the brain is re-
quired. However, for drugs that are used to treat chronic diseases, the extent 
of transport is much more important. 

The extent of transport across the BBB is described by the unbound brain-
to-plasma concentration ratio at steady state or unbound brain-to-plasma ex-
posure ratio after a single dose, Kp,uu [67, 69].  

 

Kp,uu = 
Cu,ss,brain

Cu,ss,plasma
	

AUCu,brain

AUCu,plasma
	

CLin

CLout
 (Eq. 1) 

Where Cu,ss,brain and Cu,ss,plasma represent the unbound drug concentration in 
brain and plasma at steady state, respectively. AUCu,brain and AUCu,plasma de-
scribe the area under the concentration-time profile of the unbound drug in 
brain and plasma, respectively, when a single dose is administered. The net 
clearance into and out of the brain is represented by CLin and CLout, respec-
tively. Since metabolism in the brain is not common for drugs and the ISF 
bulk flow is low, the Kp,uu can give direct information about passive and active 
transport at the BBB with rather high certainty. A Kp,uu = 1 indicates the pre-
dominance of passive transport or similar influx and efflux clearances. If Kp,uu 

is lower than unity, this suggests that active efflux predominates over active 
influx, while a Kp,uu being greater than unity demonstrates that active uptake 
is more efficient than active efflux. 

In vivo methods to evaluate NC-mediated brain drug 
delivery  

Conventional approaches 
In vivo methods commonly used to assess the outcomes of nanodelivery to the 
brain include visualization techniques, PD measurements and biodistribution 
[70]. Several qualitative techniques such as fluorescence and electron micros-
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copy are widely used to study brain uptake of NCs in vivo [71, 72]. Fluores-
cence imaging is another way to visualize the uptake of NCs into the brain by 
measuring the fluorescence intensity in the brain area, although the detection 
sensitivity is currently limited [43, 71]. However, none of these visualization 
methods can provide sufficient quantitative information on (clinically) 
relevant improvement in drug uptake. 

PD measurements like nociceptive tests, motor function tests, memory tests 
and survival rate after brain tumors are valuable since the PD effect can be 
used as the ultimate proof of delivery. Nevertheless, not all effects are easily 
measured. Also, these measurements do not give any mechanistic or directly 
quantitative information. Additionally, the absence of therapeutic effect will 
not necessarily indicate a lack of improvement in brain uptake. A good exam-
ple is that the nociceptive effect of DAMGO was not increased when it was 
delivered by GSH-PEG liposomes although its brain uptake was doubled [61]. 

Biodistribution studies can provide quantitative information to some ex-
tent, in which the drug concentrations in plasma and brain tissue are deter-
mined and the amount of drug taken up into the brain is usually expressed as 
a percentage of the injected dose [73]. There are however some limitations 
associated with this method. Firstly, it is not possible to take sequential brain 
samples in one individual, thereby not being able to observe time-aspects of 
the delivery without a drastic increase in the use of animals. The second draw-
back is the risk of contamination of NC-encapsulated drug from the residual 
blood in the brain tissue. Even if the brain tissue is perfused to remove residual 
blood, there may still be compounds remaining in the endothelial cells in the 
form of released or nanoencapsulated drug. Finally, this method measures 
only the total concentrations without separating the released drug from the 
drug remaining in NCs. Therefore, it is difficult to observe how much of the 
drug is presented in its released or encapsulated form in plasma and brain [74, 
75]. 

Microdialysis 

The microdialysis technique has contributed significantly to promote the un-
derstanding of drug transport at the BBB in general [74]. Due to a certain cut-
off, the microdialysis membrane only allows unbound drug to pass through 
and to be measured. By inserting microdialysis probes in both brain and blood, 
the transport of unbound drug across the BBB can be measured without being 
confounded by larger moieties to which drug is bound, like plasma proteins or 
brain components [76]. A unique feature with microdialysis when studying 
brain drug delivery with NCs is that it allows measurement of the released 
drug in the form of unbound concentrations in plasma to be separated from 
the drug remaining encapsulated. Combined with regular blood sampling, the 
in vivo release properties as well as transport at the BBB can be quantitatively 
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evaluated with time. Microdialysis is a valuable tool for the quantitative in-
vestigation of nanodelivery to the brain, providing unique and detailed infor-
mation that is not possible to obtain with other techniques, given that the drug 
is microdialysable and the study design is appropriate [56, 61, 66, 77]. Disad-
vantages of using microdialysis include that many compounds are unsuitable 
to be studied due to extensive sticking to the tubing or probe material, as well 
as recovery issues with too low in vivo recovery. Also, the surgical implanta-
tion of the brain probe results in some tissue damage, which requires time 
between surgery and experiment to recover the BBB integrity to a reasonable 
level. 

Model-based approach to study the therapeutic benefits 
of NC-mediated brain delivery 

There is still inadequate understanding of how modulation of systemic PK 
properties or addition of brain-targeting properties may affect central effect, 
peripheral toxicity and ultimately the therapeutic index of the payload, and 
what the key determinants of therapeutic performance of NCs are. This lack 
of understanding is due to the limited availability of PK data of NCs, particu-
larly relating to measurements of released, unbound drug in brain and plasma, 
i.e., the drivers for the PD and toxicodynamics (TD). Currently, this type of 
data can only be obtained with microdialysis [56, 61, 77]. 

To advance our understanding of how NCs with different properties may 
influence the therapeutic performance, PK/PD modeling and simulation are 
valuable tools [78]. By building PK models, the complex processes of NCs 
and the brain delivery of their payloads can be clearly described. This includes 
systemic disposition of released and nanoencapsulated drug as well as brain 
disposition of released drug. Given a set of PK/PD relationships, the PK of 
released drug in brain and plasma (concentration or exposure) can be further 
linked to central effect and peripheral side effect, respectively, to elucidate 
dose-response relationships. Moreover, simulations can be performed on for-
mulation- or compound-related parameters to identify their influence on the 
therapeutic outcome and also to evaluate how they will influence the dose-
effect/side effect relationships. 
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Aim 

The overall aim of this thesis was to quantitatively investigate the impact of 
different carrier- and payload-related factors on the outcomes of liposomal 
brain delivery, in order to better design and develop NC-based strategies for 
treating CNS diseases. 
 
The specific aims were: 

 To study the impact of the formulation of PEG liposomes on brain drug 
delivery as well as in vivo drug release (Paper I). 

 To evaluate how encapsulation in PEG liposomes may influence the brain 
uptake of a drug with active influx at the BBB (Paper II). 

 To investigate how the conjugation of GSH as a targeting ligand to differ-
ent PEG liposomal formulations may affect drug transport across the BBB 
(Paper III). 

 To investigate how different properties of NC may influence the therapeu-
tic index and to explore key parameters affecting therapeutic performance, 
using a model-based approach (Paper IV). 
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Materials and methods 

Study compounds 
In Paper I and III, methotrexate (MTX) was used as a model compound due 
to its suitability for microdialysis and the clinical value of improving brain 
uptake of the compound [79-81]. MTX is a chemotherapy agent that can be 
used to treat brain tumors but has limited BBB penetration [81, 82]. Therefore, 
its CNS delivery, as well as the systemic safety profile, can be potentially pro-
moted by liposomal encapsulation. 

In Paper II, diphenhydramine (DPH) was chosen as a model drug. DPH 
was reported to have a Kp,uu of 5.5 [83], indicating that active influx dominates 
its transport at the BBB. DPH is also a compound that is suitable to study with 
microdialysis because of the minimal sticking to tubings and probes [83-86]. 

Liposome preparation and characterization 

In Paper I and II, all the liposomal formulations were prepared using an etha-
nol injection method with pre-insertion of the PEG-lipid. Two formulations of 
PEG liposomal MTX were prepared in Paper I with one containing HSPC 
(Lipoid, Cham, Switzerland) and the other containing EYPC (Lipoid, Cham, 
Switzerland). Briefly, 100 mM HSPC or EYPC, 66 mM cholesterol (Chol) 
(Sigma-Aldrich, Zwijndrecht, the Netherlands) and 8.7 mM (5 mol%) 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-conjugated polyethylene glycol 
MW 2000 (mPEG2000-DSPE, Lipoid, Cham, Switzerland) were dissolved in 
absolute ethanol. Then, 4.8 mL lipids were mixed with 15.2 mL solution of 50 
mg/mL MTX in saline at 60°C. The formed liposomes were extruded step-
wise through 400/200 nm, 200/200 nm, 200/100 nm and 100/100 nm What-
man filters (Instruchemie, Delfzijl, the Netherlands) to reduce particle size and 
obtain uniform liposomes. Non-encapsulated MTX was then removed via ul-
trafiltration using a Pellicon XL 50 Cassette ultrafiltration column equilibrated 
with saline on a Cogent® Scale Tangential Flow Filtration (TFF) System 
(Merck Millipore). The purified liposomes were sterile filtered using 0.2 µm 
filters, and aliquots were stored at 4°C. All the liposomal formulations were 
used within 8 months following preparation.  

In Paper II, PEG liposomal DPH and empty PEG liposomes based on 
EYPC were produced. In short, 100 mM EYPC, 66 mM Chol and 8.7 mM (5 
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mol%) mPEG2000-DSPE were first dissolved in absolute ethanol. Subse-
quently, 9.6 mL lipid mixture was mixed with 30.4 mL solution of 25 mg/mL 
DPH HCl in Milli-Q water for the drug-loading liposomes or saline for the 
empty liposomes at 60°C. The produced liposomes were extruded through 
200/200 nm and 200/100 nm filters to reduce and unify particle size. Non-
encapsulated DPH was removed by ultrafiltration on the TFF System using 
Pellicon XL 50 Cassette equilibrated with saline. The purified liposomes were 
sterile filtered, and aliquots were stored at 4°C. All liposomes were used 
within 3 months after preparation. 

In Paper III, all the liposomal formulations were prepared using an ethanol 
injection method with post-insertion of GSH-PEG micelles or PEG micelles. 
Two formulations of GSH-PEG liposomal MTX containing either HSPC or 
EYPC as well as their corresponding PEG control liposomes without GSH 
were prepared. In brief, 100 mM HSPC or EYPC, 66 mM Chol and 1.7 mM 
(1 mol%) mPEG2000-DSPE (Laysan Bio Inc., Alabama, USA) were dissolved 
in 4.8 mL absolute ethanol and then mixed with 15.2 mL MTX solution (50 
mg/mL) at 60°C. The formed liposomes were extruded through 400/200 nm, 
200/200 nm, 200/100 nm and 100/100 nm filters to reduce and unify the par-
ticle size. Reduced GSH and DSPE-PEG2000-maleimide (Laysan Bio Inc., Al-
abama, USA) were incubated at a 1.5:1 molar ratio for 2h at room temperature 
to form GSH-PEG-DSPE micelles. PEG-DSPE micelles were also made by 
incubating mPEG2000-DSPE under the same condition. GSH-PEG-DSPE or 
PEG-DSPE micelles for PEG control liposomes were post-inserted to the lip-
osomes at 60°C for 2h. The final total molar percentage of PEG in the lipo-
somes was 5%, with 4% GSH-PEG-DSPE and 1% PEG-DSPE for GSH-PEG 
liposomes, or with 4% PEG-DSPE post-inserted and 1% PEG-DSPE pre-in-
serted for PEG control liposomes. After post-insertion of the micelles, the lip-
osomes were purified via ultrafiltration to remove non-encapsulated MTX and 
excess GSH. The purified liposomes were sterile filtered, and aliquots were 
stored at 4°C. All the liposomal formulations were used within 8 months fol-
lowing production.  

The size of all the liposome formulations in Paper I-III was measured using 
a Malvern Zetasizer Nano ZS90 (Malvern Instruments, Worcestershire, UK). 
The concentrations of encapsulated drug in final liposome solutions were de-
termined using high-performance liquid chromatography with ultraviolet de-
tection (HPLC-UV) after releasing the drug from the liposomes with acetoni-
trile (ACN). To quantify MTX and DPH, chromatographic separation was car-
ried out on a Xbridge C18 column (150 × 4.6 mm, 3.5 μm) (Waters, CA, USA) 
using a Shimadzu 20A ultra-fast liquid chromatography system (Shimadzu, 
Kyoto, Japan) under isocratic elution with a flow rate of 1 mL/min and the 
column temperature of 23°C. The mobile phase for determination of MTX 
consisted of ACN:buffer (10:90, v/v) of which the buffer is the mixture of 
disodium hydrogen phosphate and citric acid (63:37, v/v). The UV wavelength 
for detection of MTX was set at 302 nm. A mobile phase consisting of 
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ACN:sodium dihydrogen phosphate (pH 3.5 adjusted with glacial acetic acid) 
(40:60, v/v) was used to determine DPH. The UV wavelength to detect DPH 
was set at 205 nm. The lipid levels in the liposomes were quantified using 
HPLC combined with evaporative light-scattering detection (ELSD) (Alltech, 
the Netherlands). A Kinetex C18 (150 × 4.6 mm, 2.6 μm, Phenomenex) col-
umn equipped with a guard column was used for analysis of lipids. The col-
umn temperature was set to 45°C. All lipids were chromatographically 
separated within 30 min under a gradient elution of mobile phase A (0.1 M 
ammonium acetate, pH 6.0) and 90-100% mobile phase B (methanol) at a flow 
rate of 1.5 mL/min. For ELSD, the nitrogen gas flow was set to 1.5 mL/min 
and temperature in the drift tube was 80°C. 

In vitro stability of liposomes 

The stability of all liposomal formulations in Paper I-III was evaluated in both 
phosphate buffer saline (PBS) and rat plasma. For the experiment, 10 µL so-
lution of each liposomal formulation was diluted with 40 µL of either PBS or 
rat plasma and then incubated at 37°C for 48 h. Samples were taken at 0, 1, 2, 
4, 8, 24 and 48 h during the incubation. The collected sample was first diluted 
with 150 µL PBS before loading 100 µL of the diluted sample onto a Zebaspin 
desalting column (Thermo Scientific, Rockford, IL, USA) equilibrated with 
PBS. After removal of potentially released drug, ACN was added to the puri-
fied sample to release the encapsulated drug. In Paper I, the amount of MTX 
was measured using a microplate photometer (Thermo Scientific, Rockford, 
USA) at 405 nm. In Paper II and III, the concentrations of DPH and MTX 
were analyzed using the abovementioned HPLC-UV methods. The amount of 
liposomal drug at each time point was presented as the percentage of the value 
at time 0. 

Animals 
Male Sprague Dawley rats (Taconic, Lille Skensved, Denmark), weighing 
230-300 g, were used in the studies in Paper I-III. Before the experiments, the 
rats were housed in groups and acclimatized for seven days under tempera-
ture- and humidity-controlled conditions in a 12 h light/dark cycle, with un-
limited access to food and water. The experimental protocols and animal pro-
cedures were approved by the Uppsala Regional Animal Ethics Committee, 
Uppsala, Sweden (C13/14). 
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Animal Surgery 
The rats were anesthetized by inhaling 2.5% isoflurane (Isoflurane Baxter®, 
Baxter Medical AB, Kista, Sweden), combined with 1.5 L/min oxygen and 
1.5 L/min nitrous oxide. The body temperature was kept at 38°C using a heat-
ing pad (CMA/150 temperature controller, CMA, Stockholm, Sweden). Pre-
heparinized (100 IU/mL heparin in saline) PE-50 cannulas (MicLev, Malmö, 
Sweden) were inserted into the left femoral artery for blood sampling and also 
inserted into the left femoral vein for administration of free drug or liposomes 
When free drug and empty liposomes were co-administered, an additional PE-
50 cannula was inserted into right femoral vein for administration of empty 
liposomes. In order to measure the released, unbound drug concentrations in 
blood, a flexible CMA/20 microdialysis probe with 10 mm polyarylethersul-
fone (PAES) membrane and 20 kD cut-off (CMA, Stockholm, Sweden) was 
implanted into the right jugular vein and fixed to the pectoral muscle by two 
sutures. For sampling in brain ISF, a CMA/12 guide cannula was initially 
inserted into striatum (position: 2.7 mm lateral and 0.8 mm anterior to the 
bregma and 3.8 mm ventral to the brain surface) using a stereotaxic instrument 
(David Kopf Instruments, Tujunga, USA) and secured to the skull with a 
screw and dental cement (Dentalon® Plus Heraeus, Germany). Subsequently, 
the guide cannula was carefully replaced by a CMA/12 probe with 3 mm 
PAES membrane and 20 kD cut-off (CMA, Stockholm, Sweden). All cathe-
ters were passed subcutaneously to the posterior surface of the neck. After 
surgery, the rats were individually placed in a CMA/120 system for freely 
moving animals and allowed to recover for 24 h before the start of the exper-
iment, which was performed on awake animals. 

Study design 

The thesis includes in vivo studies of various liposomal formulations in rats. 
A summary of the study designs and doses is shown in Table 1. 
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Table 1. Summary of the experimental designs of the in vivo studies in rats. 

Formulation studied Intravenous infusion regimen 
Dose of drug 
(µg/min/kg) 

n 

Paper I    

Free MTX Loading dose + Constant infusion  
(0.5 + 9.5h) 

7.2 + 6 6 

PEG-HSPC liposomal MTX  
(referred to as “HSPC”) 

Short infusion (0.5h) 500 5 

High-dose PEG-EYPC liposomal 
MTX (referred to as “High EYPC”) 

Short infusion (0.5h) 500 6 

Low-dose PEG-EYPC liposomal 
MTX (referred to as “Low EYPC”) 

Short infusion (0.5h) 77 6 

Paper II    

Free DPH Short infusion (0.5h) 150 7 

PEG-EYPC liposomal DPH Short infusion (0.5h) 150 8 

Free DPH + empty PEG-EYPC  
liposomes 

Short infusion (0.5h) 
Liposomes: Short infusion (0.5h) 

150  
 

4 

Paper III    

Free MTX Loading dose + Constant infusion  
(0.5 + 9.5h) 

7.2 + 6 4 

Free MTX + empty GSH-PEG-
HSPC liposomes 

Free MTX: Loading dose + Con-
stant infusion (0.5 + 9.5h) 
Liposomes: Short infusion (0.5h) 

7.2 + 6  
 

4 

GSH-PEG-HSPC liposomal MTX 
(referred to as “GSH-PEG-HSPC”) 

Short infusion (0.5h) 500 7 

PEG-HSPC liposomal MTX  
(referred to as “PEG-HSPC”) 

Short infusion (0.5h) 500 7 

GSH-PEG-EYPC liposomal MTX 
(referred to as “GSH-PEG-EYPC”) 

Short infusion (0.5h) 500 7 

PEG-HSPC liposomal MTX  
(referred to as “PEG-EYPC”) 

Short infusion (0.5h) 500 7 

In vivo microdialysis setup 
For all microdialysis experiments (Paper I-III), the perfusion was initiated 90 
min before the administration for system equilibration. Fluorinated ethylene 
propylene tubings (CMA, Stockholm, Sweden) were utilized as inlet and out-
let tubings.  
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In Paper I and III, the microdialysis probes were continuously perfused 
with Ringer solution containing MTX-D3 as the recovery calibrator at a flow 
rate of 0.5 µL/min, using a CMA/100 precision infusion pump (CMA, Stock-
holm, Sweden). The Ringer solution, consisting of 145 mM NaCl, 0.6 mM 
KCl, 1.2 mM CaCl2, 1.0 mM MgCl2 and 0.1 mM ascorbic acid in 2.0 mM 
phosphate buffer (pH 7.4), was prepared to match the brain ISF. MTX-D3 was 
added to the Ringer solution to concentrations of 20 ng/mL and 200 ng/mL 
for brain and blood perfusate, respectively.  

In Paper II, the microdialysis probes were constantly perfused with Ringer 
solution containing 10 ng/mL DPH-D3 as the recovery calibrator at a flow 
rate of 1 µL/min.  

The in vivo probe recovery was individually determined throughout the 
whole experiment based on retrodialysis [87], assuming that transport of the 
compound was independent of the direction across the probe membrane, 
which was validated before the study under in vitro conditions (data not 
shown).  

Microdialysis and plasma sampling procedures 
In Paper I and III, the microdialysate fractions were collected from blood and 
brain ISF every 30 min (∼15 μL per fraction) in polypropylene vials 
(AgnThos, Lidingö, Sweden), starting from 1h before the infusion began until 
10h post-administration. All vials were weighed before and after sample col-
lection to monitor the flow through the probe during the experiment. The mid-
point time in each collection interval was used to plot the concentration-time 
curves. Blood samples (∼200 μL) was withdrawn into heparinized polypro-
pylene tubes at pre-dose, 0.25, 0.5, 0.75, 1, 2, 4, 6, 8, 10 and 24h post-dose.  

In Paper II, the microdialysis samples from blood and brain ISF were col-
lected every 15 min (∼15 μL fraction) from 1h before the beginning of infu-
sion until 120 min after the start of the administration, and then every 30 min 
(∼30 μL per fraction) for 4 h. Blood (∼200 μL) was collected at 0 (pre-dose), 
10, 20, 30, 45, 60, 90, 120, 240 and 360 min after the start of the infusion.  

After immediate centrifugation at 10000 rpm (7200 g) for 5 min, the plasma 
was transferred to clean polypropylene tubes. All microdialysis and plasma 
samples were stored at −20°C until further analysis. 

Bioanalytical methods 

Drug quantification in Paper I-III was performed using liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) or ultra-performance liquid 
chromatography-tandem mass spectrometry (UPLC-MS/MS) system. 
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Sample preparation 

In Paper I and III, plasma samples from the liposomal groups (2.5 μL) were 
first diluted 20-fold with blank rat plasma, followed by protein precipitation 
with 150 μL of ACN containing 1% formic acid (FA) and MTX-D3 as the 
internal standard (IS). Plasma samples (50 μL) from the free MTX or co-ad-
ministration group were directly precipitated with 150 μL of IS- and FA-con-
taining ACN. After vortexing and centrifugation, 10 µL of the supernatant was 
diluted with 400 µL of 0.01% FA (Paper I) or 0.01% FA in 10% ACN (Paper 
III). In Paper I, 40 μL of the diluted sample was injected into the LC-MS/MS 
system. In paper III, the injection volume to the UPLC-MS/MS system was 5 
μL. For brain and plasma microdialysate, an aliquot of 15 μL of sample was 
directly injected into the LC-MS/MS system in Paper I. In Paper III, a volume 
of 10 μL sample was diluted with 90 μL 0.01% FA in 10% ACN, before in-
jecting 5 μL of the diluted sample onto the UPLC-MS/MS system. 

In Paper II, 50 µL plasma samples were precipitated with 150 µL ACN 
containing 100 ng/mL DPH-D3 as the IS. After vortexing and centrifugation, 
a volume of 10 µL of the supernatant was diluted with 500 µL of the mixture 
of mobile phase A and B (90/10; v/v). Five µL was then injected onto the 
UPLC-MS/MS system. An aliquot of 10 µL microdialysis sample was diluted 
10 times with the same mobile phase mixture, before injecting 5 µL of the 
diluted microdialysate onto the UPLC-MS/MS system. 

LC-MS/MS quantification 

The quantification of MTX and MTX-D3 in Paper I was carried out using an 
LC-MS/MS system. Chromatographic separation was performed on a HyPu-
rity C18 column (50 × 4.6 mm, 3 μm) protected by a HyPurity C18 guard 
column (10 × 4.0 mm, 3 μm) (Thermo Hypersil-Keystone, PA, USA) using a 
Shimadzu HT LC system (Shimadzu, Kyoto, Japan) equipped with two LC-
10ADvp pumps and a SIL-HTc autosampler (Shimadzu, Kyoto, Japan). The 
mobile phase consisted of 0.01% FA in water (A) and 0.01% FA in 90% ACN 
(B). The gradient elution started at 5% B for 1 min, then increased linearly to 
30% B in 0.5 min and maintained at 30% B for 1.5 min, before returning to 
the initial condition for equilibration. The flow rate was 0.8 mL/min and the 
total run time was 4 min. After chromatographic separation, the flow rate was 
split, allowing 0.3 mL/min to enter the MS/MS detector. MTX and MTX-D3 
were detected in a positive electrospray multiple reaction monitoring (MRM) 
mode using a Quattro Ultima triple quadrupole mass spectrometer (Waters, 
Milford, MA, USA). The MassLynx software version 4.1 (Waters, Milford, 
MA, USA) was utilized for data acquisition and processing. Quantitation was 
carried out using the MRM transitions of m/z 455.2→308.0 for MTX and m/z 
458.3→411.0 for MTX-D3. The plasma method was linear between 10 and 
20000 ng/mL. For the microdialysis samples, the standard curves of both 



 28 

MTX and MTX-D3 were linear ranging from 0.1 to 50 ng/mL for brain mi-
crodialysate and 0.5 to 1000 ng/mL for blood microdialysate.  

An UPLC-MS/MS method was used in Paper III to determine MTX and 
MTX-D3. Chromatographic separation was conducted on an ACQUITY BEH 
C18 column (50 × 2.1 mm, 1.7 μm) protected by an ACQUITY BEH C18 
guard column (10 × 2.1 mm, 1.7 μm) (Waters, CA, USA) using a Waters AC-
QUITY UPLC system (Waters, CA, USA). The mobile phase consisted of 
0.01% FA in 10% ACN (A) and 0.01% FA in 90% ACN (B). The gradient 
elution started at 0% B for 1 min, then increased linearly to 90% B within 1 
min and kept at 90% B for 0.5 min, before returning to 0% B for equilibration. 
The flow rate was 0.3 mL/min and the total run time was 3 min. The MS/MS 
detection of MTX and MTX-D3 was the same as that in Paper I. The linearity 
range for plasma samples was between 5 and 20000 ng/mL. For microdialysis 
samples, the standard curves for both MTX and MTX-D3 ranged from 0.1 to 
500 ng/mL.  

In Paper II, DPH and DPH-D3 were quantified using an UPLC-MS/MS 
method. Chromatographic separation was carried out using the same UPLC 
system and column as those in Paper III. Mobile phase A consisted of 90% 5 
mM ammonium formate buffer (pH 3.4) and 10% acetonitrile and mobile 
phase B 90% acetonitrile and 10% 5 mM ammonium formate buffer (pH 3.4). 
The gradient elution started at 10% B for 0.5 min, then increased linearly to 
40% B in 0.5 min and maintained at 40% B for 1.5 min, before returning to 
the initial condition for equilibration. The flow rate was 0.3 mL/min and the 
total run time was 3 min. The MS/MS detection of DPH and DPH-D3 was 
performed in a positive electrospray mode using MRM transitions of 
256.2→167.0 for DPH and 259.2→167.0 for DPH-D3. The standard curve 
with a range of 1–5000 ng/mL DPH was used for plasma samples. For the 
microdialysis samples, the standard curve for DPH-D3 ranged from 0.1 to 20 
ng/mL. The standard curves of DPH were 1‒500 ng/mL for samples from the 
free drug and co-administration groups and were 0.1‒50 ng/mL for samples 
from the liposomal group.  

Data analysis 

Microdialysis probe recovery 

The in vivo recovery for each microdialysis probe was calculated as 
 

 Recovery = 
(Ccalibrator,in - Ccalibrator,out)

Ccalibrator,in
 (Eq. 2) 

where Ccalibrator,in is the concentration of MTX-D3 or DPH-D3 in the microdi-
alysis perfusate determined from triplicates before and after the experiment 
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and Ccalibrator,out is the average concentration of MTX-D3 or DPH-D3 in the 
collected dialysate during the whole experiment.  

The unbound concentration (Cu) of MTX or DPH in plasma or brain ISF 
was then calculated using Eq. 3: 

 

Cu = 
Cdialysate

Recovery
 (Eq. 3) 

where Cdialysate is the concentration of MTX or DPH in the collected microdi-
alysis samples and recovery is the average (Paper I and III) or individual (Pa-
per II) recovery measured from either brain or blood probes. 

Non-compartmental analysis 

In Paper I and III, the total plasma clearance (CL) of MTX after administration 
of free MTX, liposomal MTX or free MTX + empty liposomes was estimated 
in two ways: 

For the free MTX and co-administration group: 

CL = 
R0

Ctot,ss,plasma
 (Eq. 4) 

For the liposomal groups: 

 

CL = 
Dose

AUC0→∞
 (Eq. 5) 

where R0 is the infusion rate of free MTX with or without empty liposomes 
and Ctot,ss,plasma is the steady-state plasma concentration of total MTX. The 
AUC0∞ is the area under the concentration-time curve from 0 to infinity of 
total MTX (released and encapsulated drug) in the liposomal groups, calcu-
lated using the linear trapezoid method. The residual areas for AUC0∞ was 
calculated as Clast/λz, where Clast is the concentration measured at 24h and λz is 
the terminal rate constant estimated from the slope of the four last concentra-
tions measured. The terminal half-life (t1/2) and the volume of distribution (Vd) 
were calculated as ln(2)/λz and CL/λz, respectively. 

In Paper II, the CL of DPH was calculated based on Eq. 4 and volume of 
distribution at steady state (Vss) of total DPH was estimated according to the 
following equations: 

Vss = 
R0T × AUMC0→∞

AUC0→∞
2 	 	

R0T2

2 × AUC0→∞
 (Eq. 6) 
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where R0 is infusion rate of free or PEG liposomal DPH and T is the duration 
of the infusion. The AUC0∞ and the area under the first moment versus time 
curve (AUMC0∞) were calculated using the linear trapezoid method. The 
residual areas for AUC0∞ and AUMC0∞ were calculated as Clast/λz and 
Clasttlast/λz + Clast/λz

2, respectively. The t1/2 was calculated as ln(2)/λz. 
The unbound fraction of MTX or DPH in plasma after administration of 

free drug with or without empty liposomes was calculated as 
Cu,ss,plasma/Ctot,ss,plasma (Paper I and III) or AUCu,plasma/AUCtot,plasma (Paper II). The 
Cu,ss,plasma and Ctot,ss,plasma represent the concentration of unbound and total 
MTX in plasma at steady state, respectively. The AUCu,plasma and AUCtot,plasma 
represent the area under the unbound plasma concentration-time curve, calcu-
lated from microdialysis sampling, and the area under the total plasma con-
centration-time curve, calculated from regular sampling, respectively. For the 
liposomal groups, Cu,ss,plasma/Ctot,ss,plasma or AUCu,plasma/AUCtot,plasma was also 
calculated to describe the extent of in vivo drug release. 

The brain delivery of MTX (Paper I and III) or DPH (Paper II) was 
described by the unbound brain-to-plasma concentration ratio at steady state 
or the unbound brain-to-plasma exposure ratio, Kp,uu [67, 69], calculated as: 

For MTX: 

Kp,uu = 
Cu,ss,brain

Cu,ss,plasma
 (Eq. 7) 

where Cu,ss,brain and Cu,ss,plasma represent the steady-state concentrations of un-
bound MTX in brain ISF and plasma, respectively. 

For DPH:  

Kp,uu = 
AUCu,brain

AUCu,plasma
 (Eq. 8) 

where AUCu,brain and AUCu,plasma were area under the unbound brain and 
plasma concentration-time curves, respectively, calculated in two periods (0–
60 min and 60–360 min) separately using the trapezoid method. 

Statistical analysis 
All data are presented as mean values with standard deviation (SD). GraphPad 
Prism version 7 (GraphPad Software, San Diego CA, USA) was used for the 
statistical analysis in Paper I and II. In Paper I, all the statistical analysis was 
performed by a Kruskal-Wallis test followed by a post hoc Dunn’s multiple 
comparisons test. A *p < 0.05 or **p < 0.01 was considered to be statistically 
significant for all tests. In Paper II, the PK parameters of total DPH in plasma 
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(CL, Vss and t1/2) among the three groups were compared using one-way 
ANOVA followed by Tukey’s multiple comparison tests. The Kp,uu values of 
DPH in the three groups during the 0–60 and 60–360 min periods were com-
pared using a two-way ANOVA followed by Tukey’s multiple comparisons 
test. A *p < 0.05 was considered to be statistically significant for all tests. 

In Paper III, statistical analyses were performed using R, version 3.5.0 [88], 
using the multicomp package [89]. Differences between the groups were as-
sessed using a linear model with the log-transformed ratio as the dependent 
variable. Assumptions of constant variance and normality of the residuals 
were checked visually using quantile-quantile plots of the residuals versus 
quantiles from a normal distribution and plots of residuals versus fitted values. 
Multiplicity adjusted p-values were calculated taking the correlations of the 
individual test statistics into account which is more efficient than the usual 
Bonferroni adjustment [90]. A *p < 0.05 was considered to be statistically sig-
nificant. 

PK/PD simulations 

Two different types of NCs were selected to be compared with the drug itself. 
One was assumed to give prolonged circulation time in plasma without affect-
ing the Kp,uu (referred to as “regular NC”), while the other one both had an 
extended systemic circulation time and increased the Kp,uu (referred to as 
“brain-targeting NC”). The PK model describing the systemic and brain dis-
position of unformulated drug was assumed to contain two compartments with 
one for unbound drug in plasma (“unbound central”) and the other one for 
unbound drug in brain (“unbound brain”) (Fig. 2A). For the NCs, a third com-
partment (“NC central”) was added to describe the systemic disposition of 
NC-encapsulated drug for the regular NC (Fig. 2B) or the brain-targeting NC 
(Fig. 2C). 

 
Figure 2. Schematic illustration of the PK models built for (A) unformulated drug, 
(B) regular NC and (C) brain-targeting NC.  

The PK parameters initially assumed are presented in Table 2. The fraction 
unbound of the drug itself in plasma (fu) was assumed to be 0.3, same as the 



 32 

value of DOX in humans [91]. The systemic elimination clearance of unbound 
drug (CLu,drug) and volume of distribution of unbound drug in the central com-
partment (Vu,drug) were estimated based on the total plasma clearance and vol-
ume of distribution of DOX in humans corrected with fu [9]. To ensure long-
circulating features of the NCs, the systemic clearance of the intact NC with 
drug still encapsulated (CLc,NC) was considered to be negligible and the first-
order drug release rate constant from the NC (krel) was set to be low. The vol-
ume of distribution of NC-encapsulated drug in the central compartment 
(Vc,NC) was assumed to be similar as that of Doxil® [9]. The values of the net 
influx clearance to the brain ISF (CLin), net efflux clearance from the brain 
ISF (CLout) and volume of distribution of unbound drug in brain (Vu,brain) were 
chosen to result in the targeted Kp,uu values and ensure parallel unbound 
plasma and brain PK profiles, according to a previous simulation study [92]. 
For the brain-targeting NC, an apparent clearance into the brain associated 
with NC, CLin,NC,app, was added to explain improved uptake into the brain. The 
overall net influx clearance for the brain-targeting NC was the sum of CLin 
and CLin,NC,app, which was set to be equal to the net efflux clearance CLout, 
resulting in a Kp,uu of 1. A multiple-dosing regimen with a bolus dose given 
once a week was used in the simulation as this was one of clinically used dos-
ing regimens for DOX [93]. Totally, 5 bolus doses (10 mg/kg per dose) were 
included in the simulations to ensure that steady-state was reached for the un-
formulated drug and the NCs. The PK model construction and the simulations 
were performed using Berkeley-Madonna 8.3.18 (University of California, 
Berkeley, CA). 
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Table 2. Overview of PK parameters initially assumed to describe the systemic and 
brain disposition of unformulated drug, regular and brain-targeting NC.  

Parameter Description 
Unformulated 

drug 
Regular 

NC 
Brain- 

targeting NC 

Systemic disposition 

CLu,drug 
(mL/h/kg) 

Systemic elimination clear-
ance of unbound drug 

1360 1360 1360 

Vu,drug  
(L/kg) 

Volume of distribution of 
unbound drug in the central 
compartment 

19.6 19.6 19.6 

CLc,NC 
(mL/h/kg) 

Systemic clearance of intact 
NC with drug still encapsu-
lated 

─ 0 0 

Vc,NC  
(mL/kg) 

Volume of distribution of 
NC encapsulated drug in the 
central compartment 

─ 71 71 

krel (h-1) Release rate constant from 
the NC central compartment 

─ 0.005 0.005 

Brain disposition 

CLin 
(mL/h/kg) 

Net influx clearance into the 
brain ISF 

20 20 20 

CLout 
(mL/h/kg) 

Net efflux clearance from 
the brain ISF 

200 200 200 

CLin,NC,app 
(mL/h/kg) 

Apparent clearance into the 
brain associated with NC 

─ ─ 180 

Vu,brain 
(mL/g_brain) 

Volume of distribution of 
unbound drug in the brain 

5 5 5 

Kp,uu 
 

Unbound brain-to-plasma 
concentration ratio 

0.1 0.1 1 

The assumed scenario was inspired by the PK/PD and PK/TD relationships of 
DOX [9, 94] where the central effect of the drug is driven by the AUC of 
unbound drug in brain ISF during a dosing interval at steady-state 
(AUCu,ss,brain) and that the peripheral toxicity is driven by the maximal 
concentration of unbound drug in plasma during a dosing interval at steady-
state (Cu,max,ss,plasma). The PK/PD relationships of central effect and peripheral 
side effect were described by Emax models where the maximum effect (Emax) 
was assumed to be 100%. The half maximal effective concentrations (EC50) 
of the drug for central effect and peripheral toxicity were assumed to be simi-
lar as the reported values for DOX [95, 96]. The dose-response curves were 
constructed by plotting a series of doses with the corresponding AUCu,ss,brain 
and Cu,max,ss,plasma, assuming linear PK. The therapeutic index was calculated as 
the ratio of the dose that gave half-maximal side effect to the dose that resulted 
in half-maximal effect, and compared between the administration of unformu-
lated drug and NCs.  
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To elucidate how an intermediate improvement of Kp,uu (below 10-fold) by 
a brain-targeting NC influences the therapeutic index, Kp,uu was varied be-
tween 0.2, 0.4 and 0.8, in addition to the base cases of regular NC (Kp,uu = 0.1) 
and brain-targeting NC (Kp,uu = 1).   

To give insights on how the formulation of a NC should be optimized to 
maximize the therapeutic performance, the influence of formulation-related 
parameters including krel and CLc,NC on the therapeutic index was simulated.  

To obtain a broader understanding of how a NC would affect the 
therapeutic index of drugs with different PK properties, different values of the 
drug-related parameters CLu,drug and Vu,drug were simulated.  

The simulations of krel, CLc,NC, CLu,drug and Vu,drug were based on the PK 
model of the regular NC. When one parameter was varied in the simulation, 
all the other parameters were kept constant as the initial values shown in Table 
2. 
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Results and discussion 

In vitro characterization (Paper I, II and III) 

For all liposomal formulations, the size, polydispersity index (PDI), concen-
trations of encapsulated drug as well as lipids were measured and are 
presented in Table 3. 

Table 3. Characteristics of all liposomal formulations. 

Formulation 
Size* 
(PDI) 

Concentration (mg/mL) 

Drug HSPC EYPC Chol PEG GSH-PEG 

Paper I        

PEG-HSPC 
liposomal MTX 

110 
(0.090) 

2.2 30.0 ─ 9.2 10.5 ─ 

PEG-EYPC 
liposomal MTX 

105 
(0.053) 

3.2 ─ 16.5 5.4 5.6 ─ 

Paper II        

PEG-EYPC 
liposomal DPH 

83.6 
(0.11) 

0.7 ─ 94.5 7.5 27.6 ─ 

Empty PEG-EYPC  
liposomes 

90 
(0.05) 

─ ─ 78.4 22.7 23.2 ─ 

Paper III        

GSH-PEG-HSPC  
liposomal MTX 

126.3 
(0.074) 

4.8 27.3 ─ 7.7 1.5 9.4 

GSH-PEG-EYPC  
liposomal MTX 

122.6 
(0.089) 

5.4 ─ 36.0 7.4 2.2 9.3 

PEG-HSPC 
liposomal MTX 

126.3 
(0.064) 

5.5 37.4 ─ 7.2 14.2 ─ 

PEG-EYPC 
liposomal MTX 

119.1 
(0.11) 

5.8 ─ 54.6 7.0 20.5 ─ 

Empty GSH-PEG- 
HSPC liposomes 

127.2 
(0.080) 

─ 33.0 ─ 7.0 2.2 11.5 

*Size in nanometers. 
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In Paper I and III, after incubation in either PBS or rat plasma for 48h, no 
significant differences in the levels of liposomally encapsulated MTX were 
found for any of the liposomal formulation relative to their initial values (Fig. 
3A and B). This suggests that all the formulations of liposomal MTX had ex-
cellent stability in vitro. 

Unlike liposomal MTX, an instability of PEG liposomal DPH was ob-
served in Paper II (Fig. 3C). When incubated in PBS, the liposomes were rel-
atively stable during 24h. At 48h, 68% of DPH remained encapsulated relative 
to the initial value. A faster drug release was observed when the liposomes 
were incubated in plasma, with 33% remaining in the liposomes at 48h. 

 
Figure 3. In vitro stability of liposomal formulations in Paper I (A), III (B) and II (C) 
in PBS and rat plasma at 37°C (n = 3) 

Impact of the formulation of PEG liposomes on brain 
delivery of MTX (Paper I) 
Paper I provides quantitative evidence that the brain delivery of a drug is de-
pendent on the formulation of the PEG liposomes, with different results based 
on the phospholipid used. 

The total plasma concentrations after administering liposomal MTX were 
remarkably stable with very long half-lives from 22 to 26h, and with similar 
total concentrations regardless of the formulation (Fig. 4A and B). This im-
plies that both formulations were equally stable in vivo, which was consistent 
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with the results from the in vitro stability test. The CL of total MTX was 6.5 
 0.4 mL/h/kg for HSPC and 5.8  0.4 mL/h/kg for the high dose of EYPC. 
The administration of the lower EYPC dose resulted in a proportional decrease 
in plasma exposure of total MTX without a change in CL (7.3  4.3 mL/h/kg) 
(Fig. 4C). Due to the huge difference in half-lives between free and liposomal 
MTX, it was necessary to administer free MTX as a constant infusion in order 
to mimic the plasma profile of liposomal MTX (Fig. 4D). Free MTX had a CL 
of 855  288 mL/h/kg. A significantly reduced systemic clearance was also 
observed previously for PEG liposomal MTX compared to free MTX [97]. 

 
Figure 4. Observed concentration-time profiles for unbound MTX in brain ISF (open 
triangles), blood (open circles) and total MTX in plasma (filled circles) following 
intravenous short infusion of PEG liposomal MTX or a constant infusion of free MTX. 
(A) HSPC (n = 5), (B) high EYPC (n = 6), (C) low EYPC (n = 6), and (D) free MTX 
(n = 6). Data are presented as mean ± SD (Paper I). 

The total MTX concentrations including both released and encapsulated drug 
were 124-1440 times higher than the unbound, released MTX concentrations 
(Fig. 4A-C). Both high and low EYPC gave faster in vivo release of MTX than 
from HSPC (Fig. 5A). This was shown by unbound plasma concentrations of 
MTX being 10-fold higher after the EYPC than after the HSPC administration, 
despite similar total concentrations (Fig. 4A-C). The discrepancy in release 
properties may be due to the different membrane rigidity of the two formula-
tions. Although the molar ratios of the components were comparable between 
the two formulations, the HSPC liposomes containing saturated lipid has a 
more rigid bilayer compared to the EYPC liposomes with unsaturated lipid, 



 38 

which possess higher fluidity [98, 99]. Therefore, the more fluid bilayer may 
result in a higher rate of in vivo drug release in blood [100].  

 
Figure 5. (A) The ratio of unbound MTX to total MTX concentration in plasma 
(Cu,ss,plasma/Ctot,ss,plasma) after intravenous short infusion of two liposomal formulations. 
*p < 0.05, **p < 0.01, indicate significantly higher extent of MTX release in plasma 
for high and low EYPC compared with HSPC. (B) The unbound brain-to-plasma con-
centration ratio (Kp,uu) after intravenous short infusion of liposomal MTX or a constant 
infusion of free MTX. *p < 0.05, **p < 0.01, indicate significantly higher brain delivery 
of MTX for high and low EYPC compared with HSPC or free MTX. 

The brain delivery of MTX itself was limited, shown by a Kp,uu of 0.10 ± 0.06 
(Fig. 5B) which is much lower than unity. The restricted brain uptake of MTX 
is in line with previous studies suggesting that MTX is a substrate of various 
efflux transporters at the BBB in rats, including BCRP [101, 102], MRPs 
(MRP4 and MRP5) [102, 103] and organic anion transporter 3 [101]. Despite 
the low extent of brain delivery, the parallel concentration-time profiles of 
unbound MTX in brain and plasma indicates a rapid equilibration between 
brain and blood concentrations, which is consistent with the involvement of 
effective efflux transport [81, 92].  

The encapsulation in HSPC did not affect the transport of MTX across the 
BBB with a Kp,uu of 0.11 ± 0.05 (Fig. 5B). This implies the absence of benefi-
cial interaction between this formulation and the BBB. Furthermore, the con-
centration-time profile of unbound MTX in brain is parallel to that in plasma. 
These results suggest that the brain delivery of MTX after administering 
HSPC depends solely on the released, unbound drug in plasma.  

Since the two formulations had very different release properties, EYPC was 
administered both as a high dose (same dose as HSPC), and a lower dose, 
giving similar unbound MTX concentrations in plasma as those after HSPC 
and free MTX administration. The two doses of the EYPC liposomes were 
administered as a security precaution, in order to check any possible trans-
porter-related concentration-dependence in brain uptake of MTX, although 
this was not expected to be the case. With the similar Kp,uu obtained from the 
two doses of the EYPC liposomes, we confirmed that the improved brain de-
livery of MTX was independent of unbound MTX exposure in plasma.  
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In contrast with HSPC, the administration of both high and low EYPC sig-
nificantly improved brain uptake of MTX, reflected by 3-fold increase in Kp,uu 
to 0.28  0.14 (p < 0.05) and 0.32  0.13 (p < 0.01), respectively (Fig. 5B). 
This is in line with a previous study showing that PEG liposomes based on 
EYPC could double the brain delivery of the opioid peptide DAMGO [56]. 
An explanation might be that, unlike HSPC, EYPC may be able to actively 
interact with BBB endothelial cells, thus facilitating the MTX transport at the 
BBB. The most probable mechanism is a fusion of EYPC with the endothelial 
luminal membrane as previously proposed for DAMGO [78].  

The observed fast equilibration between unbound brain and unbound 
plasma concentrations does not support a mechanism of active uptake of the 
intact liposomes through either endocytosis or transcytosis since this type of 
mechanism likely leads to slower brain concentration-time profiles [78]. It 
was also shown that the brain uptake of DAMGO was not influenced when 
empty EYPC liposomes were co-administered together with free drug [56]. 
Therefore, it is not likely that the EYPC liposomes themselves influence the 
BBB integrity or function.  

Surprisingly, while EYPC significantly improved the brain uptake, HSPC 
did not influence the uptake at all. The more fluid EYPC liposomes may be 
more readily deformed when interacting with endothelial cells. This could in-
crease the area of contact with the BBB cell membrane, making the cell mem-
brane fusion occur more easily. A similar beneficial effect of the EYPC lipo-
somes regarding increasing brain uptake was also found in a previous study 
when compared with the more rigid 1,2-dimyristoyl-sn-glycero-3-phospho-
choline (DMPC) based PEG liposomes [62]. This implies that the membrane 
rigidity may play a critical role in the efficiency of PEG liposome-mediated 
brain delivery.  

PEG liposome’s influence on brain uptake of DPH 
(Paper II) 
Paper II shows from a quantitative perspective how PEG liposomes based on 
EYPC influence the brain uptake of DPH. The choice of DPH was made as it 
has active uptake at the BBB, in contrast to MTX with active efflux. 

The concentration-time profiles for DPH after 30-min intravenous infusion 
of free DPH, PEG liposomal DPH or free DPH + empty PEG liposomes are 
shown in Fig. 6. In all groups, biphasic PK profiles were observed for total 
DPH in plasma. Compared to the free DPH group (Fig. 6A), PEG liposomal 
DPH resulted in a faster initial decline but a slower elimination phase in 
plasma (Fig. 6B). Thus, the liposomal encapsulation significantly prolonged 
the terminal t1/2, and decreased total plasma CL as well as Vss relative to ad-
ministering free DPH. The presence of a biphasic plasma PK profile of total 
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DPH with a fast decline in the early period suggests that a part of the encap-
sulated DPH was released early in vivo, which correlates with the in vitro ob-
servations. Although the biexponential PK profile is quite different from the 
behavior of MTX in the same formulation [77], this is not uncommon for PEG 
liposomal formulations, as reported in other studies [9, 104]. Moreover, the 
terminal t1/2 for PEG liposomal DPH (around 3.5 h) is still within the reported 
range of the half-lives of PEG liposomes (from 2 to 24 h) [105]. When free 
DPH was co-administered with empty PEG liposomes, a slower elimination 
process was also observed (Fig. 6C) compared to administering DPH itself. 
The co-administration of empty liposomes significantly reduced the total 
plasma CL and extended the terminal t1/2 of DPH. 

 
Figure 6. Concentration-time profiles of total DPH in plasma (filled circles), unbound 
DPH in plasma (open circles) and brain (open triangles) after 30 min intravenous in-
fusion of 4.5 mg/kg of (A) free DPH (n = 7), (B) PEG liposomal DPH (n = 8), or (C) 
free DPH + empty PEG liposomes (n = 4). Data are expressed as mean ± SD. 

The unbound fraction of DPH in plasma after administration of free drug was 
0.25 ± 0.05. This value was significantly decreased to 0.09 ± 0.02 (p < 0.01) 
when co-administering empty PEG liposomes with free DPH. The decreased 
unbound fraction of DPH and deviation between unbound and total plasma 
PK curves during the later period (Fig. 6C) in the co-administration group 
indicate potential drug binding to the liposomes. After administration of PEG 
liposomal DPH, the total plasma exposure was on average 286 ± 100 times 
higher than the unbound DPH. 

The unbound DPH concentration in brain was higher than that in plasma 
throughout the whole sampling period after administration of free DPH, 
clearly confirming active uptake of DPH at the BBB. However, the 
Cu,brain/Cu,plasma dramatically decreased within the first hour from 14, stabilizing 
at around 3 (Fig. 7A). This was also the case after PEG liposomal DPH ad-
ministration, although with the Cu,brain/Cu,plasma decreasing even more after the 
first hour, as clearly seen in Fig. 7A. A similar pattern was also found in the 
co-administration group, with the Cu,brain/Cu,plasma being between those from the 
other two groups (Fig. 7A). This was the reason for calculating the Kp,uu values 
in two separate periods (0–60 min and 60–360 min) (Fig. 7B). In all three 
groups, the Kp,uu values during 60–360 min were significantly lower than those 
during the first 60 min (p < 0.01, Fig. 7B). It is speculated that the absence of 
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liposomal influence during the initial period may be associated with the early 
drug release from the liposomes. Therefore, the Kp,uu during the second period 
is likely a better indicator reflecting how DPH is transported at the BBB with 
and without liposomal encapsulation. This is because an equilibrium between 
unbound brain and plasma concentrations was reached during this period, in-
dicated by a stable Cu,brain/Cu,plasma. 

 
Figure 7. (A) Unbound brain-to-plasma concentration ratio over time after 30 min 
intravenous infusion of free DPH, PEG liposomal DPH, or free DPH + empty PEG 
liposomes. Data are expressed as mean ± SD, n = 4-8. (B) Unbound brain-to-plasma 
exposure ratio (Kp,uu) divided into the periods 0 – 60 and 60 – 360 min. *p < 0.05 
indicates a significant difference between free DPH and PEG liposomal DPH during 
the 60 – 360 min period, ##p < 0.01 indicates a significant difference between the two 
periods. n = 4-8. 

The brain uptake of DPH was reduced after encapsulation in PEG liposomes, 
with a significantly lower Kp,uu of 1.5 ± 1.2 vs 3.0 ± 0.6 after administering 
the free drug (p < 0.05, Fig. 7B). A similar reduction in brain uptake was also 
observed in the study of quetiapine after nanoencapsulation [66]. Combined 
with our previous findings that PEG liposomes based on EYPC can improve 
the brain delivery of drugs with active efflux at the BBB [56, 77], it seems that 
liposomal encapsulation can influence BBB transport of drugs in different di-
rections depending on how the drug interacts with the BBB. Therefore, it is of 
crucial importance to be aware of the basic BBB transport features of the drug 
intended to be encapsulated. For drugs with active influx (Kp,uu > 1), liposomal 
encapsulation does not seem to be a good solution, if the purpose is to further 
increase the brain uptake, although examples are still sparse [66].  

Combining the present results with earlier in vivo results of MTX and 
DAMGO, it could be speculated if liposomal encapsulation is able to hinder 
transporter function [56, 77]. Both MTX and DAMGO show active efflux at 
the BBB and their transport into the brain were improved when encapsulated 
into EYPC liposomes. For DPH and quetiapine with active uptake at the BBB, 
the opposite was found, with a decreased uptake after encapsulation [66]. 
Thus, it seems as if transporter function is reduced independent of direction. 
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More studies are required to further elucidate the intricate interactions among 
drugs, liposomes and the BBB transporters responsible for active influx or 
efflux of drugs.  

The Kp,uu from the co-administration group was found to be 2.3 ± 0.6, which 
was not significantly different from neither the free DPH nor the PEG 
liposomal DPH groups (Fig. 7B). Thus, the co-administration of empty PEG 
liposomes had a tendency to decrease the Kp,uu of DPH. However, the decrease 
in Kp,uu from 3.0 to 2.3 does not necessarily suggest that empty PEG liposomes 
themselves can actually alter BBB function by, e.g. inhibiting influx trans-
porters. Due to a potential binding of DPH to the empty liposomes, these lip-
osomes may instead interact with the BBB similarly as the DPH-encapsulated 
liposomes, which may explain the tendency to decrease Kp,uu compared to free 
drug administration. 

Formulation impact on the targeted brain delivery of 
MTX using GSH-PEG liposomes (Paper III) 
Paper III demonstrates that the brain-targeting effect of GSH-PEG liposomal 
MTX is highly dependent on the liposomal formulation that is combined with 
GSH.  

In the free MTX (Fig. 8A) and co-administration groups (Fig. 8D), steady 
state of total plasma concentration was reached within 1h after a loading dose 
was given. The total plasma CL of MTX was unchanged regardless of whether 
or not empty GSH-PEG-HSPC was co-administered together with the free 
drug.  

After 30-min infusion of the four liposomal formulations at the same doses, 
the total plasma concentrations of MTX were similar independent of the for-
mulation administered and were very stable up to 10h with long half-lives 
ranging from 22 to 27h (Fig. 8B, C, E and F). This suggests that all formula-
tions were equally stable in vivo, confirming the results from the in vitro sta-
bility test, and consistent with the results in Paper I [77]. The addition of GSH 
to either PEG-HSPC or PEG-EYPC did not make any difference in total 
plasma PK of MTX. This was in line with previous literature showing that 
GSH-coating has no impact on the PK properties of the total drug in plasma 
compared to PEG control liposomes [8, 60]. Also, the CL of total MTX in 
plasma was naturally much lower than that observed when administering free 
MTX either with or without empty GSH-PEG-HSPC liposomes. 
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Figure 8. Observed concentration-time profiles of unbound MTX in brain ISF (open 
triangles), unbound (open circles) and total MTX (filled circles) in plasma after intra-
venous administration of free MTX, liposomal MTX or free MTX + empty liposomes. 
(A) Free MTX (n=4), (B) PEG-EYPC (n=7), (C) GSH-PEG-EYPC (n=7), (D) free 
MTX + empty GSH-HSPC-HSPC (n=4), (E) PEG-HSPC (n=7), (F) GSH-PEG-HSPC 
(n=7). Data are presented as Mean ± SD. 

The unbound fraction of MTX in plasma was similar when free MTX was 
administered by itself (0.76 ± 0.09) or co-administered with empty GSH-PEG-
HSPC liposomes (0.69 ± 0.07), showing that there was no additional interac-
tion between the free drug and liposomes. The total plasma concentration of 
MTX, including both released and liposomally encapsulated MTX, was 717-
4330 times higher than the unbound MTX concentration in plasma in the lip-
osomal groups (Fig. 8B, C, E, and F). The extent of MTX release in plasma 
was significantly greater from EYPC-based than from HSPC-based formula-
tions (p < 0.05). Similar results were also found in Paper I, where faster MTX 
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release from EYPC than HSPC based PEG liposomes was observed [77]. 
However, the unbound-to-total plasma concentration ratios for both formula-
tions were different between the two studies (for PEG-HSPC: 0.00024 vs. 
0.0007 and for PEG-EYPC: 0.0013 vs. 0.007 in Paper I). The discrepancy in 
the extent of in vivo MTX release can likely be attributed to the different 
PEGylation methods used in Paper I and III that resulted in a different density 
of PEG on the inner and outer surfaces of the liposomes. There were no sig-
nificant differences in the unbound-to-total plasma concentration ratios be-
tween GSH and non-GSH formulations containing either HSPC or EYPC. 
This suggests that GSH-coating did not influence the release properties of 
MTX in plasma regardless of the formulation used, consistent with the find-
ings from a previous study [56]. 

Free MTX crossed the BBB to a very limited extent, reflected by a Kp,uu of 
0.10  0.03, confirming the findings from Paper I [77] (Fig. 9A, B and C). The 
co-administration of empty GSH-PEG-HSPC liposomes together with free 
MTX did not significantly influence MTX uptake into the brain compared 
with administering free MTX alone (Fig. 9A and C). This observation ex-
cludes any possibility that GSH-PEG-HSPC liposomes themselves influence 
the BBB integrity or function. 
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Figure 9. (A) Unbound brain-to-plasma concentration ratios over time after 
intravenous infusion of free MTX, free MTX + empty PEG liposomes, PEG-HSPC or 
GSH-PEG-HSPC. Data are expressed as mean ± SEM, n = 4-7. (B) Unbound brain-
to-plasma concentration ratios over time after intravenous infusion of free MTX, 
PEG-EYPC or GSH-PEG-EYPC. Data are presented as mean ± SEM, n = 4-7. (C) 
Steady-state unbound brain-to-plasma concentration ratio (Kp,uu) for the six groups. *p 
< 0.05 indicates significantly higher Kp,uu compared with free MTX, #p < 0.05 indi-
cates significantly higher Kp,uu compared with PEG control liposomes. n = 4-7. Com-
parisons were made based on data between 8-10 h. 

PEG-HSPC did not significantly affect brain uptake of MTX compared with 
administering free MTX, with Kp,uu being 0.23 ± 0.17 (Fig. 9A and C), similar 
to the results in Paper I [77]. However, unlike the 3-fold increase in Paper I 
[77], PEG-EYPC resulted in a more substantial increase in Kp,uu of MTX to 
1.5 ± 1.0 in Paper III, significant in spite of a large variability (p < 0.05) (Fig. 
9B and C). This indicates that the efflux transport of MTX might be 
neutralized when delivered with PEG-EYPC liposomes. 

The addition of GSH on PEG-EYPC did not further enhance the brain de-
livery of MTX, reflected by the Kp,uu of 0.53 ± 0.29 not being significantly 
different compared to PEG-EYPC (Fig. 9B and C). This is in line with a pre-
vious study where both GSH-PEG-EYPC and PEG-EYPC liposomes doubled 
brain uptake of DAMGO compared with administering free DAMGO without 
any significant difference in uptake between the two formulations [56]. These 
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results indicate that PEG-EYPC liposomes may not be a suitable formulation 
to be combined with GSH in order to achieve improved brain-targeting deliv-
ery. The most probable mechanism by which PEG-EYPC liposomes facili-
tated drug transport at the BBB was earlier interpreted as being a fusion of the 
liposomes with the endothelial luminal membrane [78]. When GSH was 
combined with PEG-EYPC, it can be speculated that GSH-mediated uptake 
may be dominated by the fusion process associated with PEG-EYPC, thus 
making the brain-targeting effect of GSH-PEG-EYPC not observable. Further 
mechanistic studies are required to elucidate the reason behind this phenome-
non. 

Unlike the EYPC formulation, GSH-PEG-HSPC significantly improved 
the brain delivery of MTX by 4-fold compared to PEG-HSPC itself, and 8-
fold compared to free MTX, with a Kp,uu of 0.82 ± 0.59 (p < 0.05) (Fig. 9C). 
In line with these results, previous studies have also shown that GSH-PEG 
liposomes based on HSPC were superior to PEG-HSPC liposomes for brain 
delivery [8, 51, 54, 59, 106]. Furthermore, as shown from the Cu,brain/Cu,plasma 
ratio with time (Fig. 9A and B), the EYPC based formulations increased the 
brain uptake of MTX gradually, while the GSH-PEG-HSPC formulation re-
sulted in a much quicker increase in the uptake. Therefore, the increased brain 
delivery of MTX when using GSH-PEG-HSPC is indicative of a GSH-medi-
ated targeting process, rather than a non-specific interaction between lipo-
somes and the BBB.  

Understanding how different NC properties influence 
therapeutic performance (Paper IV) 

This simulation study demonstrated how a regular NC with extended circula-
tion time only and a brain-targeting NC with both prolonged systemic circu-
lation and increased brain uptake influence the dose-central effect/peripheral 
side effect relationships differently. Key formulation- and drug-related param-
eters that influence the therapeutic index were identified. 

Both the regular and brain-targeting NCs delayed the PK profiles in plasma 
compared to the unformulated drug, prolonging the half-life from 10 to 139h. 
The plasma concentration of NC-encapsulated drug was around 1000-fold 
higher than the unbound drug (Fig. 10B and C). The PK profiles of released, 
unbound drug in plasma became broader and flatter, instead of peaking with 
faster decline, as when administering the drug itself at the same dose (Fig. 
10A-C). As a consequence, the NCs resulted in a much lower Cu,max,ss,plasma and 
higher Cu,min,ss,plasma (Fig. 10A-C).  

The AUCu,ss,brain was similar between the unformulated drug and regular 
NC as the Kp,uu was not assumed to change (Fig. 10A and B). Given the pa-
rameters in Table 2, the brain-targeting NC increased the AUCu,ss,brain 10-fold 
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compared to the regular NC, leading to an overlap between the PK profiles of 
unbound drug in plasma and brain ISF (Fig. 10B and C). 

 
Figure 10. PK profiles of released, unbound drug in brain (blue line) and plasma (or-
ange line), and NC-encapsulated drug in plasma (green line) after administration of 
(A) unformulated drug, (B) regular NC and (C) brain-targeting NC. 

Given the scenario that the central effect is related to AUCu,ss,brain and that the 
peripheral side effect is driven by Cu,max,ss,plasma, the regular NC increased the 
therapeutic index compared to the unformulated drug. This was mainly caused 
by a reduction in peripheral toxicity (a right shift of dose-peripheral side effect 
curve) without influencing the central effect (Fig. 11A and B). This is in line 
with the findings for PEG liposomal DOX in treating brain or peripheral can-
cers (reduced cardiotoxicity) [8, 65, 107]. 

 
Figure 11. Dose-response relationships for central effect (blue line) and peripheral 
side effect (orange line) after administration of (A) unformulated drug, (B) regular 
NC and (C) brain-targeting NC. 

Compared to the regular NC, the brain-targeting NC had the same plasma PK 
profile and therefore did not affect the dose-peripheral side effect curve (Fig. 
11B and C). However, due to increased brain uptake, there was an increased 
central effect with a left shift of the dose-central effect curve (Fig. 11B and 
C). Therefore, the brain-targeting NC further improved the therapeutic index.  

Intermediate increases in Kp,uu from 0.1 to 0.2, 0.4 or 0.8 were also simu-
lated. As described above, there is no change in plasma PK profile, and the 
AUCu,ss,brain increased proportionally to the increase in Kp,uu. As a result, the 
therapeutic index also increased proportionally with increased Kp,uu. 

The formulation-related parameters influencing the PK profiles and ulti-
mately the therapeutic index were identified to be the drug release rate from 
the NC (krel), and the possible systemic clearance of the NC with drug still 
encapsulated (CLc,NC). The increase in krel did not influence the AUC of 
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unbound drug either in plasma or in brain, but only sharpened the PK profiles, 
making them more similar to the profiles after administering unformulated 
drug. Thus, increasing the release rate reduced the therapeutic index mainly 
due to increased peripheral toxicity. A conclusion that can be drawn is that the 
faster a drug is released from a regular NC, the less benefit the NC will pro-
vide. Therefore, slow drug release in vivo is a crucial property for a NC, espe-
cially one without influence on the Kp,uu, to be therapeutically advantageous 
over unformulated drug. One critical factor that could greatly influence the in 
vivo drug release properties was shown to be the formulation of a NC [65, 77]. 
Thus, the formulation of a NC needs to be carefully optimized to avoid fast 
drug release in vivo.  

Elimination of the NC itself was shown to be another factor reducing the 
therapeutic index. If an intact NC is cleared from the blood by the 
reticuloendothelial system (RES) without drug release, and unlikely event but 
one reported previously [9, 108, 109], it means that the source of unbound 
drug would be reduced compared to a NC with negligible CLc,NC. This would 
reduce the AUC, Cmin and Cmax of unbound drug and as a result decrease both 
the AUC-driven central effect and the Cmax-driven peripheral side effect, with 
reduction in central effect being more substantial, thereby lowering the thera-
peutic index. To minimize CLc,NC, potential uptake of NC by the RES should 
be avoided if possible. For this purpose, the size of the NC should be below 
200 nm and that the surface of the NC should preferably be neutral [7]. Also, 
sterically stabilizing the NC with 5-10 mol% PEG is often required [110, 111].  

Apart from the formulation-related parameters, the PK properties of the 
drug itself are also worthy to take into account when designing a NC aiming 
for brain delivery. Our simulations showed that a drug with shorter half-life, 
either due to higher CLu,drug or lower Vu,drug, could therapeutically benefit more 
from a regular NC. The implication is that for CNS drugs already with long 
plasma half-life, the room to increase the therapeutic index through merely 
extending circulation time is limited. For these drugs, encapsulation in a reg-
ular NC may not be effective enough to improve the therapeutic index. More 
effort should be made in increasing Kp,uu by adding a brain-targeting feature 
on a NC.
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Conclusions 

In this thesis, the influence of different carrier- and payload-related factors on 
the outcomes of liposomal brain delivery was quantitatively investigated in 
vivo in rats. The use of microdialysis separated the released, active (unbound) 
drug from the drug remaining encapsulated, thus allowing different in vivo 
processes to be distinguished, like the drug release in plasma and drug uptake 
into the brain. In addition, through PK/PD simulations, the benefits of differ-
ent NCs to improve the therapeutic index of CNS drugs were investigated and 
key formulation- and drug-related factors influencing the therapeutic perfor-
mance were identified.  

The formulation of the PEG liposomes was shown to significantly 
influence the brain delivery of MTX. PEG liposomes based on EYPC im-
proved the brain uptake of MTX 3-fold, while the HSPC-based formulation 
did not influence the uptake at all, as compared with administering MTX itself. 
These findings suggest that PEG liposomes without any brain-targeting prop-
erties are capable of increasing brain uptake as long as the “right formulation” 
is used, emphasizing the importance to consider and optimize the formulation 
in the development of liposomal strategies for brain delivery.  

Compared with administering free DPH, the encapsulation in PEG-EYPC 
liposomes significantly reduced DPH uptake into the brain. The co-admin-
istration with empty PEG-EYPC liposomes also showed a tendency to de-
crease the transport of DPH at the BBB. These results, together with previous 
findings on drugs with active efflux at the BBB, give a better fundamental 
understanding of how PEG liposomes influence the BBB transport of cargoes 
in different directions. Also, these observations suggest that knowledge about 
the BBB transport properties of the drug itself is of crucial importance for the 
success of liposomal delivery.  

The brain-targeting effect of GSH was found to depend highly on the lipo-
somal formulation that is combined with GSH. Compared to the PEG control 
formulations, GSH-PEG-HSPC liposomes increased brain delivery of MTX 
4-fold, while GSH-coating on PEG-EYPC liposomes did not result in a further 
enhancement of brain uptake. On the other hand, PEG-EYPC liposomes were 
in themselves improving MTX uptake into the brain by 15-fold. Since co-ad-
ministration of empty GSH-PEG-HSPC liposomes with free MTX did not af-
fect the uptake, the improved brain delivery was not due to liposomes them-
selves influencing BBB integrity or function, but more likely a consequence 
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of a GSH-mediated targeting process. These findings deepen the understand-
ing of how formulation could influence the outcomes of brain-targeted deliv-
ery of GSH-PEG liposomes, highlighting the central role of formulation opti-
mization when developing this promising brain delivery platform to treat CNS 
diseases.  

Two independent processes of nanodelivery to the brain were identified 
with one being extended circulation time and the other one being increased 
brain uptake. Regular and brain-targeting NC will influence the therapeutic 
index differently compared to unformulated drug. Given the assumed PK/PD 
relationships, a regular NC can increase the therapeutic index due to a 
reduction in peripheral toxicity, while a brain-targeting NC improves the ther-
apeutic index due to both increased central effect and decreased peripheral 
toxicity. Fast in vivo drug release, as well as fast systemic clearance of the 
intact NC with drug still encapsulated, could reduce the therapeutic perfor-
mance. A drug with shorter half-life will obtain more therapeutic benefit from 
nanoencapsulation than one with longer half-life. The simulation results pro-
vide insights on how to make use of PK/PD modeling to optimize the proper-
ties of a NC for brain delivery to maximize therapeutic performance, and can 
aid in predicting if and to what extent a drug with certain PK properties would 
therapeutically benefit from being delivered with a NC. 

In conclusion, the studies in this thesis contribute to better understanding 
of the factors governing the outcomes of liposomal brain delivery and provide 
crucial insights on what needs to be considered and how to optimize the prop-
erties of a NC when designing and developing NC-based strategies for treating 
CNS diseases. 
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