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For students in other campuses

Q1. In today’s class, what is most impressive or useful 
information to you? 

Q2. Question or comment:

今日の講義内容で役に立った点、あるいは質問・感想について、 
必ず何か記載して、講義後速やかにメールで送る。

Please  e-mail me just after the class including some 
answers to the following questions:
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Ancient Drug Natural products

19th Century Extraction of active ingredient
(Drug was recognized as a 
chemical substance.)

Later than 19C Production of drugs by chemical 
synthesis; Development of formulation 
technology
（only small organic compounds)

O

HO

HO
NCH3

H

Morphine 
(M.W.：285)

Current Bio-pharmaceutics (proteins, DNA/
RNA, etc…)

Pharmacokinetic property is totally 
different from conventional drugs.

Brief history of drugs



1. Full utilization of highly toxic drug/ Reduction of side effect
Anti-cancer drug etc..
→ Difficult to use

2. Overcoming biological barriers

Drug delivery system (DDS) can solve these 
issues by controlling amount, timing and location.
    - Delivery to the target tissue with proper 
amount at the appropriate time.

3. Reduction of amount of drugs with high price; 
Improvement of quality of life (QOL)

Proteins and nucleic acids usually undergoes digestion or 
clearance from the body. Also, foreign proteins and nucleic 
acids often cause immune responses. Also, availability of 
water soluble materials are very low.
→ Need to overcome these biological barriers.

What is drug delivery system (DDS)?

→ Need to avoid absorption by normal tissue.

“Engineering” greatly contributes to advancement of DDS.
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1. Controlled release of drug

2. Development of new administration 
route; overcoming absorption barrier.

3. Control of pharmacokinetics / Targeting 

Basic approaches of DDS

a. Control of amount/dose 
b. Control of location 
c. Control of time
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1. Controlled release of drugs

Maximum for toxicity (side effect)

Therapeutic effect and adverse effect of drug depend on 
drug concentration in blood     after administration.

Minimum for therapeutic effect

Time after administration

Dr
ug
 c
on
ce
nt
ra
tio
n 
in
 b
lo
od

intravenous injection
Normal formulation (oral)

Controlled release formulation

Therapeutic 
window
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Basic strategy for controlled release

Matrix type Membrane type

Drug

Polymer matrix Release-regulating membrane

How to avoid “burst release”?



✓	Diges'on	at	stomach	and	intes'ne	

✓	Diges'on	at	liver	

✓	Excre'on	

✓	Adsorp'on	onto	proteins	

✓	Immune	response	

✓	Intrinsically	less	absorbable	(water	
soluble	compound,	macromolecules	
etc…)

Necessary to overcome these 
issues.

2. Development of new administration route & 
overcoming absorption barrier
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Depending on administration route,
formulation should be designed 
carefully.

For	systemic	distribu'on,	use	of	
blood	flow	is	common	route,	but	
there	are	some	concerns…I.v. injection

Transdermal
Subcutaneous
Intramuscle

Oral admin.
Pulmonary admin.

Intraoral/Sublingual 
admin.

Nasal admin.

Rectal 
admin.

Target 
site

Drug administration
Drug absorption
Drug distribution
Drug elimination
Skin barrier
Mucosal barrier
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Drug distribution at the target tissue

After delivery to the target tissue, infiltration to the tissue 
& internalization into the cells is sometimes required.

Plasma protein

Endothelial cells

Drug

Blood flow

Capillary
Blood cells

Tissue space

Tissue cells



�123. Control of pharmacokinetics / Targeting

For efficient delivery of drugs to diseased part,  
design of  “drug carrier” considering ADME is effective.

- Chemical modification/conjugation of drugs
- Design of new formulation/particles

Pharmacokine'cs:			
Determining	the	fate	of	substances	administered	to	a	living	
organism.		

=>	Helpful	to	see	“availability	of	drugs”.

ADME (ADMET)
"absorption, distribution, metabolism, and excretion"
(sometimes, toxicity)



Biological	
barriers �13

Drug

Target site
Normal 

organ/tissue

Side effect
Insufficient 
therapeutic 

efficacy

Inactivated Escape from 
Biological 
barriers

Target site
Normal 

organ/tissue

No side 
effect

Sufficient 
therapeutic 

efficacy

Drug in carrier

Release

Basic concept of drug carriers

- How to deliver drugs 
to the target tissue?
- How to enhance 
efficacy selectively? 



Typical destination of drugs

Systemic 
distribution
by blood 
circulation

Filtered by 
kidney

Captured by 
liver and spleen

Outline of the Fate of Nano-capsules
Basically, drugs travel whole body via bloodstream

Drug-loaded 
Nano-capsule
(It should be stable 
& biocompatible)

Target 
tissue

Avoiding 
spleen 
uptake

Avoiding renal clearanceAvoiding liver uptake

- Navigation to the target site
- Leakage from bloodstream

Requirements

M.W. > 30,000

Size < 200 nm
Lung 

uptake
<12µm

Intravenous 
injection

Size:
100-200 nm

Pulmonary 
circulation



Nano-capsule 
encapsulating 
drugs

Target 
tissue

Avoiding 
liver 

uptake

Avoiding 
renal 

clearance

Avoiding 
macrophag

e uptake

Cell

Nucleus

- Leaking from the capillary
- Tissue penetration
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Proper transportation to the 
specific site in the cell is 
required for expression of the 
expected function of the drug.

From the tissue to cells
In some cases, after delivery to the target tissue, proper cell-
internalization is essential for woking of drugs.



(~10 µm)
Macrophage
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Drugs v.s. Human body
Human body (~m)Drugs ( ~nm)

M.W.~500

~10 nm

Proteins

RNA/DNA

Low MW 
compounds

Capillary
(~10 µm)(~10 µm)

They should be 
armed to 
complete such a 
hard & tough  
mission.
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3. Control of pharmacokinetics / Targeting

What can be a target?
- Tissues / organ…
- Malignant tumor, inflammatory part etc.
- Receptors, enzymes, antigens, etc. (specific molecules 

overexpressed in the diseased part)

Strategies
Active targeting　…Direct interaction with molecules of target sites.

Passive targeting …Full utilization of characteristic property of the 
tissue or diseased part.

e.g.) structure, micro-environment, etc.
Anti-targeting　…Blocking delivery or accumulation of drugs in the 
specific part of the body, which causes elimination or side effects.

For effective targeting…



DDS based on drug carriers
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Design should be performed considering 1.‒3.
Molecular	carrier

Par'culate	carrier

Bio-based	carrier
Red blood cells, antibody, viruses, proteins, etc..

- Low Molecular weight (MW)

- Low MW components:

{ Natural: Serum albumin, polysaccharide
Synthetic: Polyethylen glycol (PEG)

(PEG; stealth property.)

- Macromolecuels

Liposomes (cell-membrane mimic), 
Emulsions, Lipid microspheres

- Macromolecular components: Microspheres, 
Nano-capsules (micelles, vesicles), 
Nano-gels



First of all,  
let’s learn about biological barriers 

for effective design !!



Innate immunity
Epithelial Barrier

Phagocytes

Physical Barriers

Chemical Barriers

１）Physical Barriers
Intercellular adhesion, mucosa, 	
（Tight junction, etc.）

２）Chemical Barriers
-	Antibacterial	molecules	
(Lysozyme,	antibacterial	peptides)	
-	Digestion	enzymes

Epithelial Barrier

Biological Barriers: From the viewpoint of immunity

mucus layer

Cell-cell adhesion
（Tight junction）

micmicrobe

antibacterial
peptides

Adaptive immunity
Immunity



Phagocytes: main component of white blood cells (WBC)

Neutrophil: 40-70% of WBC.
Death after phagocytosis or 
apoptosis

Monocytes: 3-6% of WBC.
Resident in the specific 
tissues (to form MPS).

『免疫学コア講義』(南山堂)

Liver

Spleen/
lymph node

CNS

Lung

Peritoneal　cavity

Connective tissue

Bone

hematopoietic	
stem	cell

Peripheral	
Blood Tissue

Neutrophil

Monocyte Macrophage

2-3 h 2-3 days

1-2 days months–years

Neutrophil

Eosinophil
Basophil
Monocyte
Lymphocyte

Number	of	WBC

Neutrophil
Neutrophil

Ra
tio

Bone	marrowBone	
marrow



Phagocytes:

（Phagocytosis by neutrophil）

①	Phagocytes	can	recognize	opsonized	particles	(pathogen	
or	foreign	materials	which	is	bound	to	compliment	proteins)	
by	receptors	on	their	surface.	
②	Internalization	by	phagocytosis.	(Cell	membrane	forms	a	
vesicle	“phagosome”.)	
③	Inner	environment	of	phagosome	becomes	more	acidic,	
to	form	phagolysosome.	Pathogens	are	killed	and	
destructed.	Reactive	oxygen	species	and	HOCl	
(hypochlorite)	are	utilized	for	the	destruction	of	bacteria	or	
foreign	particles.

Mononuclear Phagocyte System (MPS; macrophage etc.), neutrophil, dendritic cell

Opsonized particle

Internalization
Phagosome

Binding
Phagolysosome

neutrophil



1. Introduction

The rapid development of pharmaceutical chemistry and molecu-
lar biology has fostered the production of several new classes of imag-
ing agents and highly potent drugs (e.g., proteins, nucleic acids).
However, such molecules often possess physicochemical and/or bio-
logical characteristics that make their use suboptimal in humans.
Nanosized drug delivery systems can circumvent these problems by
improving the pharmacokinetic/biodistribution characteristics and
therapeutic index of drugs [1]. Recent advances in the fields of chem-
istry and material sciences have given birth to a plethora of novel
nano- and microscale systems with interesting properties (e.g., nano-
tubes [2], nanodiamonds [3], nanocages [4], blood cell-mimicking
hydrogels [5]), which have been proposed as drug delivery platforms.
However, notwithstanding a few exceptions, nanocarriers have met
mitigated success, and the attrition rate of drugs formulated in nano-
sized carriers remains substantial during preclinical and clinical de-
velopment stages.

Disappointments in the performance of colloidal drug carriers
(CDCs) are often imputed to suboptimal in vivo behaviour. Throughout
evolution, complex living organisms have perfected their defences to-
wards the recognition and clearance of exogenous nano- and micro-
sized pathogens, and multiple physiological mechanisms overlap to
maintain homeostasis. Hence, despite all efforts to decrease biofouling
and host reactions, the human body still perceives CDCs as foreign ma-
terial. For this reason, keeping track of the whole biological portrait and
the complex nano-bio interactions [6] is essential when designing novel
systems. Furthermore, even if the nanomaterials developed are unmis-
takably innovative and original, broad experience over the past 30 years
with more established CDCs, such as liposomes [7] and micelles [8]
should be considered as a foundation to elude certain mistakes and pit-
falls encountered in the past.

It is with this perspective, and to offer a glimpse of the complexity
of biological systems, that this contribution focuses on the host's
physiological and anatomical barriers. These elements should be con-
templated when designing new injectable nano- and microscale sys-
tems. Rather than offering comparisons of the advantages and
limitations of different CDCs, the goal is to underline the common
physiological determinants affecting CDC performances in vivo,
whether to improve chemotherapy [9,10], treat drug overdose
[11,12] or achieve efficient nucleic acid delivery [13,14]. Throughout
the review, a distinction is made between insoluble CDCs (particulate
CDCs), which possess a liquid–solid interface (e.g., liposomes [7],
nanoparticles [15], nanotubes [2]), and soluble CDCs (e.g., polymer

conjugates [16], dendrimers [17] or other macromolecules [18]),
which are in a dissolved state. The manuscript is centered on tissues
and organs that are involved in the clearance of exogenous material,
namely blood, kidneys, liver and spleen. The latter two organs represent
the major part of the mononuclear phagocyte system (MPS). In this
context, special attention will be paid to CDCs properties that can be
tuned to change the host's response to the carrier. From a clinical per-
spective, comprehension of these factors is vital to potentiate blood
circulation times while limiting non-specific toxicities and accumula-
tion in the body. Distinctions between humans and the commonly-
used rodent animal models will be highlighted, when relevant.
Tumours and other pathological tissues where CDCs can be directed
will not be considered in this contribution, as specific reviews on the
targeting of actives to cancer cells and others can be found elsewhere
[9,10].

2. Entering the systemic circulation

Although CDCs can enter the body via different routes (e.g., pul-
monary [19], oral [20]), the most reproducible way to deliver them
is usually by peripheral intravenous injection. From the injection
site, they are transported directly to the heart via the venous network.
Blood is delivered to the right ventricle, and continues on to the pul-
monary circulation. The entire cardiac output passes through the pul-
monary circulation (Fig. 1). Lung capillaries are among the smallest
blood vessels in the body, with diameters between 2 and 13 μm in
human and rodents alike. Therefore, they constitute the first sieving
constraints for CDCs. Physiologically, the small diameter of the capil-
lary lumen facilitates exchanges with the extravascular milieu and re-
stricts passage from blood components. This size restriction allows
qualitative control of the cell population in the lungs: highly-
deformable red blood cells (RBC) transit very rapidly while the pas-
sage of larger and more rigid white blood cells (WBC) is delayed
[21]. Large, rigid CDCs can be sequestered in the lungs. These CDCs
are trapped very rapidly upon their first passage through the pulmo-
nary circulation. Rigid CDCs with a diameter of 10 μm remain perma-
nently trapped; particles with a size of 3–6 μm are initially caught in
lung capillaries, but eventually escape to reach the systemic circula-
tion while smaller particles (b3 μm) avoid pulmonary retention
[22]. Rigid aggregates arising from physicochemical instability or
interactions with the blood components can also result in the seques-
tration of the carrier in the lung capillaries [23,24].

Once they have passed the pulmonary capillaries, CDCs return to
the left ventricle of the heart via the pulmonary veins and are
pumped into the systemic circulation. The total cardiac output is
shared by the different organs as shown in Fig. 1.

3. Interactions with blood

Blood is the connective tissue responsible for oxygen, nutrients
and waste product transport. In human and rodents alike, the blood
compartment accounts for around 6 to 7% of the total body weight.
It consists of blood cells suspended in a solution of proteins and low
molecular weight solutes, called plasma. It is the connective pathway
for CDCs between organs. The following section will review the differ-
ent blood components that can influence CDCs behaviour in the body.

3.1. Blood cells

Blood cells consist of RBC, representing 45–55% of the blood vol-
ume, as well as leukocytes (WBC) and thrombocytes (platelets)
which together account for 1% of this volume. Intravascular interac-
tions of blood cells with pathogens and CDCs are uncommon [26].
Erythrocytes and platelets are non-phagocytic, and most circulating
WBC must be activated at the site of injury to exert their defence
functions [26,27]. Nevertheless, a new leukocyte-dependent, blood-

Fig. 1. Distribution of blood flow in the pulmonary and systemic circulations. Values in
parentheses represent the percentage of total blood flow in each organ. Values
obtained from Ref. [25]. CNS: central nervous system.

153N. Bertrand, J.-C. Leroux / Journal of Controlled Release 161 (2012) 152–163

- Total blood flow 5-6 L/min
(for an adult man)
- Total blood amount: 5-6 L
- Systemic circ. ~90%,   

pulmonary (lung) circ. ~10%

Arterial blood: ~20% 

Venous blood: ~80% 

Systemic
Circulation

The journey of a drug-carrier in the body: An anatomo-physiological perspective.
Nicolas Bertrand, Jean-Christophe Leroux, Journal of Controlled Release 161 (2012) 152–163.

Pulmonary
Circulation



�24Blood vessel and capillary (1)

Elastic artery
Outer 
layerMiddle 

layer
Inner 
layer

2 mm

Endothelial cells
Smooth 
muscle

Elastic 
laminavasa vasorum

Sympathetic nerve

30 mm

Vein
-	 3-layered,	 but	 thin	 muscle	
layer	
-	 It	 has	 valves	 to	 prevent	
backward	flow	of	the	blood.	
=>	 Skeletal	 muscle	 pumping	
assists	 return	 of	 the	 blood	 to	
the	heart.		

-	Three-layered	structure	
-	Thick	muscle	layer

Outer 
layer

Middle layer
Inner layer

Elastic lamina
Smooth muscle
(sparse)Valve

Endothelial 
cells

Lumen

Lumen
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�25Blood vessel and capillary (2)

Capillary

Endothelial cells + pericytes
Continuous capillary Fenestrated capillary

1 µm
Insulated by 

basement 
membrane

Pericyte

5-9 µm

Fenestration

-	It	doesn’t	have	three-layered	structure.	
-	Basically,	consis'ng	of	a	single	layer	of	endothelial	cells	+	basement	membrane

Capillary
(Radius~3 µm)

Artery Vein

Endothelial cell

Particles with diameter 
> 1 0 µ m c a n n o t fl o w 
through blood capillaries.



Continuous capillary
Rat pancreas

Two endothelial cells 
are tightly connected. 
The gap between two 
cells is narrow (arrow; 
~10 nm)

Fenestrated capillary

Magnified

Another type: 
Discontinuous capillary  
 (large gap between cells)
ex.)		Sinusoid	(found	in	liver,	30-500	nm	gap)

Pancreatic 
islet

Capillary of renal 
glomerulus

Fenestration

Fenestration

Basement	
membrane

Endothelial cells
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Continuous capillary (muscle, skin, lung)

Discontinuous capillary (liver, spleen, bone marrow)

Fenestrated capillary (small intestine, kidney)

内皮細胞
(No Basement membrane)

Pinocytosis	
vesicle Cell gap Channel

Gap

Structure of the capillary wall

『生体内薬物送達学』
より

Fenestration

Endothelial cells
Basement membrane

Lumen

Endothelial cells
Basement membrane

Lumen

Lumen

Endothelial cells

Channel

Channel



Blood Components

Red Blood Cell 
(RBC)

Platelet

White 
Blood Cell 
(WBC)

RBC：Size: 7-8 µm, thickness: 2 µm
Platelet：one-third of RBC
WBC：~10 µm. Many variation.

Blood cells, proteins, and water

Composition of plasma

Plasma (55%)

WBC & platelet (< 1%)

RBC (45%)

Water

Albumin
Globulin
Fibrinogen

91%
1%
7%

Electrolyte
Protein

Other organics 1%
Nutrients, wastes, hormones, enzymes etc..

→ Complement protein and antibody recognize foreign substances.



Human Serum Albumin (HSA): MW ~67,000; Most abundant protein in 
blood (30-45 mg/mL); long plasma half-life (19-22 days); Many 
compounds and drugs can be trapped by specific sites (pockets) of 
albumin, particularly acidic drugs.

Adsorption of drugs onto proteins

α1-acidglycoprotein (AGP): MW ~44,000; glycoprotein; plasma conc. = 
0.5–1.0 mg/mL; relatively long plasma half-life (5 days). Basic drug can 
be trapped by this protein.

http://www.abbott.co.jp/medical/product/tdm/topics_1.html

- Protein-bound drug is not 
permeable to cell membrane.

- Only non-bound drug is cleared 
from blood stream.

- Liver proteins and blood cells  
adsorb drugs except plasma 
proteins.

Site I Site II
Site III Site I–II



�30熊本大学薬学部薬剤学分野HPより

Warfarin
Ibuprofen

Phenylbutazone

Some binding site of HSA and typical binding drugs

Diazepam

Site I
Site II



Lipoprotein & apolipoprotein is lipid 
transport carrier in the bloodstream. 
They can interact with hydrophobic 
surface of the material, and navigate it to 
liver.

Protein adsorption onto foreign materials

http://www.soarer.hoken.med.yamaguchi-u.ac.jp/Wiki/?
%A5%EA%A5%DD%C3%C1%C7%F2

Immunoglobulin (Ig; antibody): 
These proteins can specifically 
recognize surface epitopes or 
adsorb through hydrophobic 
interactions. IgG recognition 
triggers complement activation.

Human Serum Albumin (HSA): Upon injection of colloidal particles, rapid 
and non-specific interactions with albumin occur through ionic and 
hydrophobic interactions. But, finally, albumin can be easily displaced by 
other less-abundant proteins with higher affinities. 

Lipoprotein Apolipoprotein

Triglyceride

Cholesterol 
ester

free Cholesterol 
ester

phospholipid

Taken from absolute antibody website

70-85%

5-10%

5-15%1%

Very scarce



Opsonization: Covalent	
binding	 of	 C3b	 to	 the	 surface	
of	 pathogens	 or	 materials.		
The	 receptor	 of	 phagocytes	
recognize	 the	C3b,	which	 lead	
to	phagocytosis.

Complement proteins include many kinds of proteins, and plasma 
concentration is very high (3 mg/mL), which results in abundant 
interactions with foreign materials. Some of them can adsorb on the 
surface of foreign materials and pathogens, to trigger the complement 
cascades. Complement activation, through the classical, alternative 
and lectin pathways, results in enhanced clearance of pathogens via 
two mechanisms: A) increased recognition by the MPS through 
opsonization and B) direct lysis of the pathogens by the membrane-
attack complex. Classical path Alternative path Lectin path



Classical path Alternative pathLectin path

Pathogen

Phagocyte

C3b receptor

Fc receptorIgG

C3b

St
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	b
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	fo
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Biocompatible surface

O n
N n

O O

n

O

O
P

O

O
O–

N+

Poly(ethylene glycol) (PEG) Poly(2-methyloxazoline) Poly(2-(methacryloyloxy)ethyl phosphorylcholine)

To make material surface “not foreign”

Mimicking cell 
membrane lipid.

→Coating or attachment of 
hydrophilic and charge neutral 
polymer is an effective way.

Blood coagulation

Examples 『バイオマテリアルサイエンス』(東京化学同人)

✓ Low immunogenicity
✓ Low activation of compliment 
system
✓ Low protein adsorption
✓ Not causing blood coagulation

Clot

Biocompatible polymers Coagulation factor
pathway

Complement
pathway



Example: PEGylation１はじめに
質量解析，DNAシーケンシング等の生体由来物質の

分析手法の発展に伴い，近年さまざまなバイオマーカーが

発見され，新たなバイオマーカーは抗体医薬などのバイオ

テクノロジー医薬用のコンパニオン診断や分子診断などの

新規診断手法の発展に貢献している．さらには，この希

少な生体由来物質の検出の為，将来は生体由来物質一

分子（タンパク質，核酸）の検出が必要と予想される．希

少タンパク質，希少細胞の検出に際しては，対象の生体

由来物質が抗原抗体反応など特異的反応で検出される

のに対して，非特異的に吸着するタンパク質や細胞がノイ

ズとして検出の妨げになる．この非特異吸着の低減の要

求に答えるため，JSRライフサイエンス社においては，分

離，検出を目的とした，抗体医薬プロセス用粒子，抗体

磁性粒子等の表面に，低非特異吸着な材料によるコー

ティングを用いている．一例では，MagnosphereTM MSシ

リーズは親水化によりタンパク質吸着を低減させており，ま

た，抗体医薬プロセス用の粒子AmsphereTMにおいて

は，Protein A，粒子両方からの非特異吸着を防止する

アプローチが行われている．これらのJSRライフサイエンス

における知見を応用し，また，粒子をベースとした製品か

ら，ポリマーベースでの広い用途展開をめざして，非特異

吸着防止ポリマーBlockmasterTMを開発した．

２BlockmasterTMCE化学結合タイプ
磁性粒子表面などの固相表面に抗体を結合する際に

は，通常，エポキシや活性化したカルボン酸などの活性

基を用いて抗体を結合する．一般的には生体由来物質の

非特異的な吸着が起きないように，抗体の結合後にBSA

（牛血清アルブミン）などのタンパク質を用いて表面を覆うブ

ロッキングと呼ばれる処理を行う．しかし，この方法の場

合 BSAそのものが生体由来の物質であり，品質が安定

しない． BSE（牛海綿性脳症；狂牛病）などの問題があ

り，輸出入などの取扱いに注意が必要． 非特異的吸着

の抑制が十分でない． タンパク質の粒子への吸着によ

り，凝集が起きる等の問題点があり，代替物質が要望さ

れていた．BlockmasterTM CEは化学結合タイプのブロッ

キング剤で，図１に示すように，ポリエチレングリコール鎖と

N６アミンを持つ化合物である．アミノ基部位を用いて固相

上のエポキシ，カルボン酸等の官能基と結合し，固相表

面に親水性を付与，生体由来物質の吸着を防止する役

割を持つ．

図１ Blockmaster CE５１０の構造と役割

新製品紹介

吸着防止ポリマー：BlockmasterTM

Anti Bio Fouling Polymer:BlockmasterTM

JSRライフサイエンス株式会社 研究開発部
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Lung
Lung has finest capillary, and large and rigid 
particles are rapidly trapped upon the first 
passage through the pulmonary circulation.
RBC: High deformability allows rapid passage.
WBC: larger and more rigid; delayed passage.
Rigid particles (> 10 µm): permanently trapped.
Particles (3-6 µm): Initially caught, but finally escape.
Particles (< 3 µm): avoid pulmonary retention.
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Replica of lung capillary



Blood Filtration by Kidney

Renal 
lobe

“Nephron” plays a main role of 
kidney function.

Glomerulus
Renal 

corpuscle

Cortex

Renal 
pyramid

Medulla

糸球体がボウマン嚢に包まれた
ものを腎小体という。

Tubular 
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Filtration apparatus: Three-layered structure
Fenestration of glomerular capillary 

Podocyte
Endothelium fenestration: 50-100 nm, thick 
glycocalyx layer repel blood cells.
Basement membrane: Network layer of type-IV 
collagen; 240-370 nm thick. It contains heparin-
sulfate with high content, and shows negative 
charge.
→ Blocking passage of serum albumin and 
negatively-charged solutes.
Slit diaphragm: allows passage of substances 
< 4-6 nm. Glycocalyx gives negative charges.

Charge-selective & 
size-selective barrier

Basement membrane

Fenestration

Basement membrane

Slit 
diaphragm

Foot process of 
podocyte

Endothelial cells

Glomerular	capillary	lumen
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Schematic illustration of glomerular filtration apparatus
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Size-selectivity

Complement activation of soluble CDCs is not studied routinely
because they lack the particle–serum interface usually necessary for
protein deposition. Nevertheless, the soluble macromolecular poly-
mers poloxamer 188 and PEG have been demonstrated to trigger
complement activation through the mannose-binding lectin pathway
in vitro[75,76]. Additional studies with soluble CDCs integrating these
polymers are required to evaluate the clinical implications of such
findings. Finally, although CDCs are often designed to minimize com-
plement activation, the opposite can be sought for vaccination pur-
poses. For example, hydroxyl-rich surfaces which potentiate
alternative pathway activation, have been exploited to maximize
complement-dependent immunization [77].

3.2.4. Other plasma proteins
Other plasma proteins have been shown to interact with CDCs.

Deposition of immunoglobulins (IgM and IgG) on particulate CDCs en-
hances their clearance through cooperative effects with complement
[40,78]. These proteins can specifically recognize surface epitopes or ad-
sorb through hydrophobic interactions [40]. Although immunoglobu-
lins are constitutively present in blood, their secretion is usually
induced by immunogenic reactions [79,80]. In parallel, other constitu-
tive proteins (fibronectin, fibrinogen or C-reactive protein) could play
a role on the blood clearance or biodistribution of colloids through re-
ceptor-mediated internalization [81] or by increased complement acti-
vation [56]. In the case of PEG-poly(D,L-lactic acid) (PEG-PDLLA)
micelles, interactions with blood proteins (α- and β-globulins) or cell
membranes have been found to destabilize micelles and facilitate the
release of their payload [82,83]. For these reasons, early kinetic, qualita-
tive and quantitative evaluations of CDC–protein interactions should
help identify potential negative effects of blood protein adsorption on

the carrier's performance. During such studies, the nature of the biolog-
ical fluid used should also be carefully chosen as the end result will be
affected by the sampling conditions. Plasma contains anticoagulants
which can interfere with complement cascade activation [84] while
serum is depleted of coagulation proteins (fibrinogen and others) [85].

4. Filtration by the kidney

4.1. Kidney morphology

The kidneys are responsible for blood filtration. Their parenchyma
is separated in two sections, the cortex and the medulla (Fig. 2A),
which comprise different parts of the nephron, the basic kidney func-
tional unit (Fig. 2B). Blood filtration occurs in the cortex, through the
glomerulus, a structure formed of a glomerular capillary network
(Fig. 2C). The filtering apparatus in the glomerular capillary network
is composed of three consecutive elements that are essential for phys-
iological functions (Fig. 2D). The first component is the highly fenes-
trated endothelium. The fenestrations, 60 to 80 nm in size, are
covered by a 200- to 300-nm thick glycocalyx layer adsorbed on the
luminal side of the endothelium [86]. This flexible glycoprotein barri-
er is anchored on the surface of endothelial cells and restricts the pas-
sage of blood components. The second structure that is essential to
the control of solute passage into urine is the glomerular basement
membrane (GBM). It is a 240- to 370-nm hydrated, fibrous, network
layer of type IV collagen containing laminin, entactin, and proteogly-
can, with high heparin and chondroitin sulphates content [86]. The fi-
brous mesh of collagen and the abundant anionic charges dispersed
in the GBM could together contribute to restrict fluid flux and the pas-
sage of negatively-charged solutes. However, it is now believed that
the GBM alone cannot be responsible for the high permselectivity of
the glomerular filtration process [86]. The third component of the glo-
merulus is the visceral layer of Bowman's capsule that is composed of
podocytes. These highly-differentiated cells outline the glomerular
capillaries. Podocytes interact with the GBM via numerous interdigi-
tated foot processes that form filtration slits [86]. Finally, the mesan-
gial cells and their extracellular matrix form the renal mesangium
which offers structural support to glomerular capillaries. They are de-
rived from smooth muscle cells and possess phagocytic properties to
keep the GBM filter free of debris, as well as secretory functions soli-
cited in case of glomerular injuries [87].

4.2. Glomerular filtration

Convective and diffusive forces in the glomerulus capillaries compel
the filtration of blood solutes from the capillary lumen to the Bowman's
capsule. Structures of the glomerulus exert qualitative and quantitative
control on what is filtered. Proteins with hydrodynamic diameters (DH)
smaller than 5 to 6 nmare freely filtered by the glomerulus, while larger
solutes are retained. For globular proteins, this size is equivalent to a

Fig. 2. Blood filtration in the kidney. A. The kidney. The kidney parenchyma is separat-
ed between the cortex and the medulla. B. The nephron. Approximately one million
nephrons span both regions and are responsible for blood filtration. Blood filtration
occurs in the glomerulus. Bowman's capsule collects the filtrate before its transit
through the tubules where it can be concentrated. The collecting duct gathers urine
from multiple nephrons for exit to the ureter. C. The glomerular capillary. The glomer-
ular capillaries are composed of a highly-fenestrated endothelium, the glomerular
basal membrane (GBM) and the podocytes. The mesangium offers structural support.
D. The filtration apparatus. Three distinctive structures of the component together
exert qualitative and quantitative restrictions over the filtrate. The white squares
delimit the zones zoomed in the following panel.

Table 1
The glomerular filtration cut-offs of different polymers.

Polymer Cut-off
(kDa)

Charge at
pH 7.4

Biodegradable Ref.

Pullulan ~29 0 Yes [98]
Dextran ~29 0 Yes [98]
Linear PEG 30 0 No [99]
PVA 30 0 No [100]
PNIPAM* 32 – No [23]
PHPMA 45 0 No [91]
Gelatin (alkaline-type, Ip 5.1) 55 – Yes [101]

PEG: poly(ethylene glycol) PVA: poly(vinyl alcohol) PNIPAM: poly(N-isopropylacrylamide)
PHPMA: poly(N-(2-hydroxypropyl)methacrylamide).
*Copolymerized with 5 mol% methacrylic acid to ensure solubility at 37 °C.
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✓ For globular proteins, hydrodynamic size < 5-6 nm can be 
passed through. (MW ~ 60,000)
✓ For polymers, results are listed in Table 1
✓ Quantum dots < 5.5 nm can be passed through.
✓ Passage of some carbon nanotubes were confirmed.
✓ Some large gel particles were reported to be passed.
✓ Transportation by transcytosis from capillary side to urine 
side?

The journey of a drug-carrier in the body: An anatomo-physiological perspective.
Nicolas Bertrand, Jean-Christophe Leroux, Journal of Controlled Release 161 (2012) 152–163.
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molecular weight around 60 kDa. The molecular weight limit can be
lower for non-globular proteins [88]. Grafting polymer chains to drugs
is now a commonmethod of circumventing renal filtration and increas-
ing biological half-life [89]. Still, today, PEG remains themost frequently
utilized polymer to augment the DH of therapeutic molecules [70,90],
but other hydrosoluble polymers [91–93] as well as synthetic linear
polypeptides [94,95] have also been employed for this purpose. Several
soluble CDCs based on non-PEG polymers are currently in preclinical
and clinical development stages. The excretion limits of different mac-
romolecules are presented in Table 1.Macromoleculeswith sizes situat-
ed around the filtration threshold, must distort and reptate through the
pores in order to be filtered. Factors affecting their deformability, such
as hydration, flexibility as well as intra- and intermolecular architec-
ture, therefore highly influence their glomerular filtration [23,96,97].

Most particulate CDCs are too large to be filtered without prior
biodegradation. Exceptions include quantum dots, shown to be fil-
tered for diameters up to 5.5 nm [102,103], and carbon nanotubes
[104,105]. The unique shape of carbon nanotubes might promote
their renal clearance by favourable orientation in the blood flow
[106,107] or distinctive transcellular transport mechanisms [108].
Nonetheless, additional studies are still needed to confirm that their
renal filtration is sufficiently fast to prevent accumulation and toxic-
ities in a clinical context. Recently, an interesting study has shown
that the renal mesangium could be targeted by particulate CDCs
with a defined size of ~75 nm [109]. Compared to similar particles
of larger and smaller sizes, colloids of this diameter are small enough
to permeate the endothelial fenestrae and sufficiently large to inter-
act with mesangial cells. The particles were trapped in the collagen
network of the GBM for at least 24 h and cleared by the residing mac-
rophages. However, compared to the organs of the MPS, the total
amount found in the kidneys remained low (≤5% ID), and comple-
mentary investigations are required to determine whether this size-
dependent passive targeting can be exploited for imaging or drug de-
livery purposes.

4.3. Tubular reabsorption

Once a solute is filtered in Bowman's capsule and reaches the
proximal and distal tubules, it can be reabsorbed by the epithelial
cells. Tubular reabsorption regulates the elimination of ions and pro-
teins. It occurs through receptor-mediated and fluid phase endocyto-
sis. After internalization, protein-containing vesicles can transcytose
back to the peritubular circulation (e.g., via FcRn) [36] or can be cata-
bolised in lysosomes. In the latter case, catabolic products are subse-
quently released into the systemic circulation [88].

Soluble CDCs filtered through the glomerulus can also be reab-
sorbed. The accumulation of PEG–protein conjugates in intracellular
vacuoles inside tubular epithelial cells has been reported [110]. In
this case, the protein moiety seems essential for endocytosis by tu-
bular cells. It is believed that incomplete catabolism of the non-
biodegradable polymer leads to sequestration in intracellular or-
ganelles. Although the vacuolation process appears to be transient
and no signs of toxicity were witnessed in published studies, one
should be aware that data remain limited and risk could increase
upon chronic exposure.

5. Capture by the liver

5.1. Morphology

The liver engages in numerous metabolic, immunological and endo-
crine functions. It receives blood from the gut and the heart via the
portal vein and hepatic artery, respectively (Fig. 3A). Blood circulates
through a permeable discontinuous capillary network, (the sinusoids)
to reach the central and hepatic veins (Fig. 3B). The sinusoids are 5 to
10 μm-wide blood vessels having a fenestrated epithelium without

any basal membrane. The size of the fenestrations (100 to 150 nm
depending on the animal species) [111,112] allows almost unrestricted
passage of plasma components to the perisinusoidal space (or space of
Disse), where the cords of parenchymal cells (hepatocytes) are situated
[111,112]. Inside the sinusoid capillaries, the Kupffer cells are responsi-
ble for phagocytic activity of the liver. These non-parenchymal cells
belong to the MPS and represent 80–90% of the total body macrophage
population. This defence systemwas formerly known as the reticuloen-
dothelial system, but the name became obsolete when it was under-
stood that endothelial cells are not macrophages responsible for the
clearance of pathogens.

Fig. 3. Structure of the liver. A. The liver. The liver is perfused by the hepatic artery and
portal vein. Blood exits through the hepatic vein into the inferior vena cava, and bile
drains into the gall bladder. B. The liver lobules. The liver parenchyma is composed
of hexagonal lobules containing hepatocyte plates and the sinusoids. The blood in
each lobule comes from the portal vein and hepatic arteries; it drains out through
the central vein and into the inferior vena cava. C. The liver sinusoid. Fenestrated
hepatic sinusoids where the arterial and portal veins merge. The white squares delimit
zones zoomed in the following panel.
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To the heart & pulmonary circulation

Gall bladder
Front side

Capillary-rich organ; Retention of large amount of blood（~1/4）

Replica of lung blood vessel

The liver engages in numerous metabolic, 
immunological and endocrine functions. It 
receives blood from the gut and the heart via 
the portal vein and hepatic artery, respectively. 
Blood circulates through a permeable 
discontinuous capil lary network, ( the 
sinusoids) to reach the central and hepatic 
veins.



Hepatic lobules
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✓ Sinusoid: 5 to 10 μm-wide blood vessels having a fenestrated epithelium 
without any basal membrane
- The gap between endothelial cells: 30-500 nm
- Size of fenestration: 100–150 nm
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Kupffer cells

『免疫学コア講義』(南山堂)

- Macrophages	residing	in	liver.  
(80-90%	of	macrophage	in	the	body	is	
Kupffer	cells.)	

- Phagocytosis	occurs	afer	the	mul'valent	
contacts	of	the	colloid	with	the	
macrophage	and	spreading	of	the	cell	
membrane	around	the	par'cle	to	engulf	it.		Kupffer cell

Liver cell
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Inulin

Inulin: MW~5,000 (polysaccharide). Completely excreted from kidney.
Standard substance for renal clearance measurement.
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Sieving through the Spleen
A lymphatic organ; filtration of old RBC and foreign 
materials & pathogens.

red pulp

white 
pulp

Splenic 
cord

Central
artery

Splenic 
vein

Artery is open in 
splenic cord

→  Fresh & soft RBCs can pass the sieve, 
but old & rigid RBCs are trapped; rigid & 
large (> 200 nm) materials are also trapped 
and engulfed by macrophages.

avoid capture by Kupffer cells can diffuse out of the sinusoids through
the fenestrations and reach the hepatocyte plates. These cells can take
up colloids through pinocytosis and receptor-mediated endocytosis
[153]. Improved delivery to the parenchyma is achieved with small col-
loids (≤50 nm) that can diffuse deeper in the perisinusoidal space
[111,154,155]. Specific targeting of hepatocyte receptors can also be
achieved. Themost commonly exploited target is the asialoglycoprotein
receptor (AGPR) that recognizes carbohydrates (mainly galactose and
N-acetylgalactosamine) with variable affinity [156]. Since AGPR-
positive vesicles transit to the lysosomes, the increasingly acidic and
oxidative conditions in organelles after endocytosis must be taken into
accountwhen targeting this pathway. Similarly, the upper size threshold
for the internalization of colloids via AGPR seems to be situated below
90 nm [157]. This limits the type of CDCwhich can be delivered through
this route.

Another approach consists of decorating CDCs with hepatocyte-
targeting lipoproteins either before administration [53,55] or in situ,
after injection [52,158]. Although effective targeting to hepatocytes
can be achieved, the ubiquitous nature of lipoprotein receptors in dif-
ferent tissues can lead to non-specific distribution and subsequent
side-effects [48]. Finally, because non-parenchymal liver cells also
possess physiological and pathological functions, their targeting can
sometimes be desirable. Scavenging receptors can serve to target
Kupffer and endothelial cells [158,159], while coupling vitamin A on
the surface of CDCs revealed an effective way of delivering actives to
stellate (Ito) cells that play a fundamental role in liver fibrosis [160].

5.4. Biliary excretion

Bile is composed of water, bile acids, cholesterol, phospholipids,
and proteins. Hepatocytes regulate passage from the space of Disse
to the bile canaliculi (Fig. 4). Various active transporters are respon-
sible for the excretion of small molecules [161] while para- and trans-
cellular transport is available for high molecular weight compounds
[162]. Vesicular-dependent transcytosis occurs either through fluid-
phase or receptor-mediated endocytosis (Fig. 4). The latter pathway ei-
ther transits to catabolic lysosomes (e.g., AGPR) [163,164] or not (e.g.,
polymeric IgAs) [162]. Biliary excretion is the only excretion path-
way available for non-biodegradable CDCs with DH larger than 6 nm.

Unless they possess chemical moieties that can be recognized by
hepatocytes, soluble CDCs must undergo fluid-phase endocytosis to
transit toward the bile canaliculi [164]. Experiments on isolated per-
fused rat livers have shown that the biliary excretion of macromole-
cules (PEG, dextran, inulin and proteins) seems to be independent
of molecular weight, from 2 to 500 kDa [163,165]. Cationic and anion-
ic charges on the solutes promote and hinder excretion, respectively
[165,166]. Bile excretion of particulate CDCs with sizes between 2
and 200 nm has also been reported [105,167,168]. In some cases, pro-
tein adsorption on the surface of CDCs promotes recognition by hepa-
tocytes [167]. AGPR and Apo-E receptors have indeed been described
as being important for CDC elimination into the bile [168], but other
receptors that also undergo transcytosis could also possibly contrib-
ute to excretion. Importantly, for soluble and particulate CDCs alike,
the process of biliary elimination is relatively slow, the quantities ex-
creted are usually small (≤5–10% of the injected dose over 8 to 48 h),
and, in the case of particulate CDCs, the process can probably be sat-
urated. Hence, the detection of small CDC quantities in bile does not
ensure that this elimination pathway will significantly contribute to
its removal from the body.

6. Sieving through the spleen

6.1. Morphology and function

The spleen is a large, highly-irrigated, lymphatic organ. It partici-
pates in storage of spent blood components as well as in lymphocyte

maturation and recycling. Anatomically, the spleen is confined and
protected by a fibrous capsule, and fibrous trabeculae shape its
inner structure (Fig. 5A). The splenic blood flow is divided in two cir-
culation pathways: one fraction transits through closed vasculature as
seen in other organs and the remainder reaches the open circulation,
where small arteries empty directly into the parenchyma (Fig. 5B)
[169,170]. The spleen parenchyma is divided between the red and
white pulps. The red pulp is formed by a network of reticular fibres
containingmacrophages and senescent RBC. It is engaged in the filtra-
tion of pathogens and old erythrocytes from blood (Fig. 5C). The
white pulp, situated in the vicinity of the arteries, is involved in the
proliferation of lymphocytes (both B and T types). The marginal
zone, delimiting the outer border of the white pulp, is composed of
specialized macrophages. Efferent lymph vessels leave the spleen to
reach the lymphatic circulation. The spleen architecture varies be-
tween species [170,171]. The most evident distinction is the existence
of sinusoidal (human, rat) and non-sinusoidal (mice) splenic circula-
tions. Judicious interpretation must be applied when comparing re-
sults between animal models. For example, distinct regions of the
spleen contribute differently to particle retention in sinusoidal and
non-sinusoidal spleens [171].

Fig. 5. Structure of the spleen. A. The spleen parenchyma is protected by a fibrous capsule
and is composed of thewhite and red pulps. B. From the trabecular circulation, the arteries
empty into the splenic sinusoids (closed circulation) or directly into the parenchyma
(open circulation). C. Reticular fibres confer a highly-tortuous architecture to the red
pulp, and blood components must squeeze through the 200-nm wide fenestration of the
sinusoids. The white squares delimit zones zoomed in the following panel.
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Summary of size v.s. systemic circulation

Glomerular 
filtration
>5 nm

Cell-cell gap of 
continuous capillary 

>20 nm

Liver 
fenestrae
>150 nm

Lung capillary
>10 µm

Please remember surface charge, rigidity, and shape etc. are 
important factors as well as size.

splenic 
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> 200 nm


