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Article history: Nanocarriers (NCs) are a type of drug delivery system commonly used to regulate the pharmacokinetic and phar-

Received 23 December 2018 macodynamic properties of drugs. Although a wide variety of NCs has been developed, relatively few have been

iece“’e‘l ‘znsre‘“segof;)gm 16 June 2019 registered for clinical trials and even fewer are clinically approved. Overt or potential toxicity, indistinct mecha-

ceepte J.une nisms of drug release and unsatisfactory pharmacokinetic behavior all contribute to their high failure rate during
Available online 28 June 2019 .. . . . .

preclinical and clinical testing. These negative characteristics are not only due to the NCs themselves but also to

the materials of the drug nanocarrier system (MDNS) that are released in vivo. In this article, we review the main
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1. Introduction

During the last two decades, great advances have been made in the
development of nanocarrier (NC) drug delivery systems (DDS) thereby
providing new opportunities in formulation design [1,2]. The use of NCs
is a strategy for selective delivery of therapeutic small drug molecules
and genes to target cells of interest [3,4]. They can take various forms in-
cluding polymers, dendrimer nanoparticles (NPs), liposomes, micelles,
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hydrogels, metallic, magnetic and semiconductor NPs and carbon nano-
tubes (CNTs) (Fig. 1) [3]. They are generally superior to the more tradi-
tional drug delivery vehicles because of their capacity to overcome
many of the current limitations in the pharmacotherapy of human dis-
ease [5].

NCs have controllable surface characteristics that provide the ability
to regulate drug release [6]. In this way, NCs can modify the pharmaco-
kinetics (PK) and pharmacodynamics (PD) of payload drugs and
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Fig. 1. Summary of the various categories of nanocarrier.
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potentially improve their therapeutic effects [7]. In addition, loading
drugs into NCs can improve their in vivo stability, prolong their blood
circulation time and, in the case of anticancer drugs, facilitate their up-
take by tumors with the help of the enhanced permeability and reten-
tion (EPR) effect [7]. Despite these benefits and the thousands of
publications related to NCs, only a small number of NC-based formula-
tions has been approved for clinical use (e.g. Doxil®, Caelyx®, Myocet®
and Abraxane®) or registered for clinical trials. This indicates a big gap
between the technical and clinical development of NC DDS [7].

As stated above, potential toxicity, indistinct mechanisms of action
and unsatisfactory PK are important reasons for the high failure rate of
NCs during clinical development [1]. A typical NC contains a significant
portion of carrier and/or encapsulation material which, when released
in vivo through dissociation, leakage or breakdown, gives rise to mate-
rials of the drug nanocarrier system (MDNS). MDNS generally have ex-
cellent biocompatible, mechanical and stable properties, and can
control and sustain drug release, facilitate EPR effects and promote up-
take of drug by cancer cell lines. As xenobiotics, MDNS can exhibit sys-
temic toxicity, be converted to toxic metabolites or accumulate in
certain vital organs or tissues with potential toxicological effects. In ad-
dition, MDNS may interact with drug transporters to modulate drug dis-
tribution and/or give rise to drug-MDNS interactions.

There are numerous MDNS-mediated deleterious effects, for in-
stance: Poly(ethylene glycol) (PEG) can accumulate in tissues [8], act
as a P-gp inhibitor [9-13] and produce an acid metabolite implicated
in causing acidosis and hypercalcemia [14]; poly(lactic acid) (PLA)
and poly (lactic-co-glycolic acid) (PLGA) can lead to inflammatory re-
sponses [15,16]; polyvinylpyrrolidone (PVP) can accumulate in human
tissues when administered parenterally and cause harmful effects
[17]; derivatives of cyclodextrins (CDs) can cause toxicity to the kidney,
intestine and lung [18-20]; chitosan can facilitate platelet adhesion and
reduce the absorption of fat from the gastrointestinal (GI) tract [21,22];
poloxamer can lead to renal dysfunction [23]; inorganic-based MDNS
such as those produced from metallic NPs, CNTs and silicon-based NPs
(SiNPs) can damage organs [24-26] and DNA [27,28] and give rise to 0x-
idative stress [29,30], apoptosis [31-33] and inflammation [34-36].

Clearly, understanding the in vivo fate of MDNS viz. their absorption,
distribution, metabolism and excretion (ADME, Fig. 2) is significant in
evaluating the overall safety and promoting the development of NC
DDS [37]. However, achieving this understanding has been limited by

Absorption |
Where do and how A
many MDNS get in? |

Distribution '
Where do and how D
many MDNS go? |

the lack of bioassays for MDNS capable of providing comprehensive
PK information. This lack is partly due to the complexity of MDNS and
the susceptibility of relevant analytical methods to be limited by signif-
icant interference from endogenous molecules.

NCs incorporate a wide range of MDNS in their preparation [7]. In
this review, we have concentrated on the following common MDNS
(Fig. 3): Polyesters [PLA, PLGA, polycaprolactone (PCL)]; PEGs and
PEG-associated derivatives; polysaccharides [chitosan and hyaluronic
acid (HA)]; polyenes [poly(vinyl alcohol) (PVA), PVP)]; proteins [silk fi-
broin (SF)] and cyclodextrins (CDs). Data relating to their PK are sum-
marized in Table 1. This review first describes the bioanalytical
methods used to determine MDNS and their advantages and
disadvantages.

2. Bioassay of MDNS

At present, common methods for the bioassay of MDNS are fluores-
cence imaging, radioisotope labeling, gel permeation chromatography
with refractive index detection (GPC-RI), magnetic resonance imaging
(MRI), ICP-MS and LC-MS/MS (Table 2). These methods have respective
merits such as: good selectivity, high sensitivity, and excellent accuracy.
They are therefore suitable for use in PK studies of MDNS.

2.1. Fluorescence labeling

Fluorescence labeling has been widely used to determine MDNS be-
cause it combines high sensitivity with cost-effectiveness and non-
invasiveness [38,39]. For example, Schadlich et al. investigated the dis-
tribution, accumulation and elimination of PVA after intraperitoneal (i.
p.) administration to mice [40] (Fig. 4, I) of PVA labeled with either rho-
damine dye or Alexa Fluor 750. Preparation of the PVA-rhodamine dye
was reported in a previous study [41]. Labelling with Alexa Fluor 750 in-
volves five steps viz. decrystallization, tosylation, azidation, amination,
and Alexa Fluor 750 conjugation. Wen et al. used fluorescence labelling
to evaluate the influence of molecular weight (MW) on the PK behavior
of carboxymethylchitosan [42]. The analyte was labeled with fluores-
cein isothiocyanate (FITC) via reaction between its isothiocyanate
group and the primary amino group of chitosan. Kuehl et al. used fluo-
rescence imaging to study the dependence of HA MW on its clearance
and biodistribution from mouse lung using HA labeled with the near

Fig. 2. ADME processes of MDNS in vivo. (A: absorption; D: distribution; E: excretion; M: metabolism; MDNS: materials of the drug nanocarrier system)
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Fig. 3. Structures of MDNS. (CD: cyclodextrin; CNT: carbon nanotube; HA: hyaluronic acid; PCL: polycaprolactone; PEG: poly(ethylene glycol); PLA: poly(lactic acid); PLGA: poly(lactic-co-

glycolic acid); PVA: poly(vinyl alcohol); PVP: polyvinylpyrrolidone; SF: silk fibroin)

infrared dye, 750 hydrazide [43] (Fig. 4, II). The labeling process of HA
was described in earlier studies [44-46] where the authors showed
that the conjugation efficiency decreased as MW of HA increased.

The main problem with using fluorescent dyes to visualize analytes
is to ensure that the fluorescent label remains bound to the analyte
[47]. While this is best achieved through covalent binding, it can change
the physicochemical properties of the analyte such as its solubility or
hydrophobic-hydrophilic balance leading to misleading PK results.
Moreover, fluorescence can be quenched or degraded, and fluorescent
light cannot penetrate thick tissues. It is also difficult to investigate the
metabolism of fluorescence labeled MDNS because fluorescent dyes
are likely to be cleaved by metabolic processes. Fluorescent reagents
can also exhibit toxicity to living organisms that can limit their clinical
application.

2.2. Radiolabeling

Radiolabeling an analyte with an isotopic tracer allows its determi-
nation with excellent accuracy, high sensitivity and low interference
[48]. As a result, radiolabeling has been extensively applied to investi-
gate the PK of MDNS. For instance, Longley et al. radiolabeled 40 kDa
PEG with 'C and investigated its PK following intravenous (i.v.) admin-
istration to mice [8]. The C label was attached to the ether bonds of
PEG so that the radioactivity was emitted by the entire PEG molecule.
With the similar method, Grindel et al. investigated the distribution of
14C-labeled poloxamer 188 in rats, dogs and humans [49].

The preclinical PK of HA was investigated by radiolabeling it with
99mTe and 'C [50,51] (Fig. 5, I). Labeling with %™Tc used a direct
method whereas '*C labeling was achieved by fermentation through
cultivating Streptococcus in a '“C-glucose culture medium as described
inan earlier study [52]. Laznicek et al evaluated the stability of the labels
in different solvents and, although they found '“C-HA was more stable
than °™Tc-HA, both labels were suitable for short duration

biodistribution studies. Balogh et al also prepared **™Tc-HA using a di-
rect labeling method [51].

Alric et al. investigated the biodistribution of AuNPs radiolabeled
with ®°™Tc and '""'In [53] (Fig. 5, 1I) in the dithiolated
polyaminocarboxylate shell. Introduction of the %°™Tc-label was
achieved by reducing pertechnetate °*™TcO, with stannous chloride in
the presence of the AuNPs whereas the ''In-label was introduced sim-
ply by mixing AuNPs with ! 'In-chloride in buffer solution. Hwang et al.
studied the distribution and excretion of '*'I-labeled chitosan after in-
jection to tumor-bearing rats [54]; they showed 3'I-labeled chitosan
remained stable for up to 7 days.

In spite of wide application, the bioassay of a particular MDNS by
radiolabeling may be compromised by instability of the label in vivo
[48]. A direct way to overcome this is to incorporate the radioisotope
into the MDNS during its synthesis. However, radioisotopes may alter
the physicochemical properties of MDNS and change their PK behavior.
In addition, radioisotopes may be released in the process of metabolism.
Safety concerns are also important in using radiolabeled analytes and
specially trained and experienced personnel are needed to handle
them. Another limitation applies to the simultaneous use of several ra-
dioisotopes because of the low energy resolution of detection methods
[39].

2.3. MRI

High spatial resolution of MRI makes it a valuable method to study
the in vivo fate of NC DDS. Several researchers have applied MRI to trac-
ing MDNS in vivo. Becker et al. used it to evaluate the tissue distribution
of HA after subdermal injection for the correction of facial lipoatrophy in
HIV-infected males [55]. Before the study, MRI detection parameters in-
cluding axial T1 and T2 Dixon sequences, a T2 SPACE sequence and sec-
ond T1 sequence, were optimized to achieve high accuracy.
Biodistribution of HA was described using an anatomical classification
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Table 1
Summary of ADME information for organic MDNS.
Administration Animal model Absorption Distribution Metabolism Excretion
routes

PEG Parenteral Rat[131,136,139];  Absorbed by Gl tract Distributes to kidney, lung, Metabolized to carboxylic Excreted in both bile and
administration Human and skin; MW heart, liver, GI tract, spleen, and acid and sulfated metabolites  urine after intravenous
[126,127]; Oral [132,133,142]; dependent gall bladder after intravenous by alcohol dehydrogenase and injection; urinary
administration Mice [8,136,138]; injection sulfotransferases respectively clearance is probably the
[132,133]; Guinea pig. [14]; major pathway
Transdermal Cat [14]; Rabbit
administration [14]; Dog [142]

[134]; i.v. injection
[8,135,138,139,142]

PLA Degraded by hydrolysis of N/A

ester bonds to lactic acid
which enters the Krebs cycle
to be metabolized to H,0 and
CO,.

PLGA Oral administration ~ Rat [115]; Mice PLGA-nanoparticles Distributes to epidermis and Undergoes hydrolysis to N/A
[115,117]; [117] can be absorbed dermis after treating human produce lactic acid and
Transdermal after oral skin with microneedles; can glycolic acid, and either of
administration administration distribute to spleen, kidney, them can get into the Krebs
[116]; i.v. intestine, liver, lung, brain and  cycle and be degraded to H,O
administration [60] heart after oral administration ~ and CO,

PVA i.p. administration Rat [182]; Mice PVA absorption into Distributes to liver, GI tract and  No metabolite has been Excreted in both urine and
[41,182]; [182] the blood from spleen after intravenous observed feces after intravenous
Intramuscular different injection  injection; can distribute to body injection with urinary
administration sites decreased in fat tissues and liver after excretion the main
[182]; s.c. the order i.p. > intraperitoneal injection pathway
administration intramuscular > s.c
[182]; iv.
administration [194]

PVP Oral administration  Pig [187] Absorbed from GI Distributes to omental fat, bone  N/A Excreted via both feces
[187]; Parenteral tract after oral marrow, skin, muscle, nerve and urine after
administration administration tissue, lung, ovary and liver intravenous injection
[188]; i.v. injection
[197-199]

Poloxamer iv.injection [49,57] Dog, [49,59]; Rat N/A Distributes to GI tract, kidney, Metabolized to block Excreted in both urine and

[49,59]; Human lymph nodes, adrenal gland, copolymer feces after intravenous
[49,57,59] salivary gland, thyroid gland, injection with urinary
liver, lung, bone marrow, excretion the main
urinary bladder, ovaries, and pathway
spleen after intravenous
injection

cD Oral administration  Rat [214] Absorbed from GI Distributes mainly to the kidney Metabolized in the GI tract Intravenously
[216,217]; i.v. tract by passive and to a lesser extent to bladder, mainly by bacterial digestion  administered CDs rapidly
administration [215] diffusion; low liver and adrenal gland after oral to produce oligosaccharides,  excreted intact via the

absorption level (< administration monosaccharides and gases kidney; orally
1%) such as hydrogen, carbon administered CDs excreted
dioxide and methane via urine

PCL Subcutaneous Rat [114] Absorbed after N/A Degraded by the hydrolysis of Excreted in feces and urine
injection [114] subcutaneous ester linkages via esterases in rat after subcutaneous

injection injection

Chitosan i.p. administration Mice [160,171,178]; Can be absorbed Distributes to kidney, liver, Enzymes can degrade Can be excreted in both
[42,148,160,174]; Rat after intraperitoneal spleen, genitals, small intestine, chitosan by hydrolyzing urine and feces after
oral administration  [42,148,166,178] and oral plasma, lung, intestine, stomach, bonds between glucosamines, intravenous
[162,163]; i.v. administration; heart, muscle and brain after N-acetylglucosamines and administration; urinary
administration MW dependent intravenous administration; to  each other excretion is the major
[171,178] liver, spleen and kidney after pathway after

intraperitoneal administration; intraperitoneal
to liver, stomach and muscle administration
after hepatic artery injection

Silk fibroin N/A N/A Can be degraded by N/A

proteolytic enzymes into
amino acids in vivo

Hyaluronic Oral administration ~ Rat [50,164]; Mice  Can be absorbed Distributes to kidney, spleen, Hyaluronidases can hydrolyze Excreted via respiration

acid [50,51,164]; i.v [43,172]; Dog [51];  from GI tract liver, bone marrow after linkages between and in urine and feces

injection [172,179];
Pulmonary
administration [43]

Rabbit [179]

intravenous administration; to
skin, GI tract, pancreas,
harderian gland, liver,
mandibular gland, joints, bone
and muscle after oral
administration; to lung and GI
tract after pulmonary
administration

N-acetyl-D-glucosamine and
D-glucuronic acid after which
further degradation leads
ultimately to CO,, H,0 and
urea

after oral administration;
excreted via respiration
and in urine after
intravenous injection

(ADME: absorption distribution metabolism excretion; CD: cyclodextrin; GI: gastrointestinal; i.p.: intraperitoneal; i.v.: intravenous; MDNS: materials of the drug nanocarrier system; MW:
molecular weight; PCL: polycaprolactone; PEG: polyethylene glycol; PLA: polylactic acid; PLGA: poly (lactic-co-glycolic acid); PVA: poly(vinyl alcohol); PVA: poly(vinyl alcohol); PVP:
polyvinylpyrrolidone; s.c.: subcutaneous; SF: silk fibroin).
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Analytical methods and their characteristics for the bioanalysis of MDNS.

Method

Merits

Defects

Fluorescence

1. Economical

1. Fluorescence can be quenched or degraded

labeling in vivo
2.Non-invasive 2. Fluorescent reagents may have toxicity
3. Sensitive 3. Labeling reagent may alter the in vivo fate
of MDNS
4. MDNS degradation may result in false
positive results
5. Fluorescent light cannot penetrate thick
tissue
Radiolabeling 1. Sensitive 1. Complicated operation
2. Good selectivity 2. Cannot detect several radioisotopes at the
same time
3. Labeling reagent may alter the in vivo fate
of MDNS
4. Radioactivity is hazardous
5. If material degrades in vivo, nuclide may
lead to false positive result
MRI 1. Sensitive 1. Poor selectivity
2. Non-invasive 2. Contrast agents are likely to alter the
in vivo fate of MDNS
3. Excellent space 3. Cannot investigate the metabolism of
resolution MDNS
GPC-RI 1. High sensitivity 1. Biological matrix may cause interference
for saccharides
2. Good stability 2. GPC-RI is sensitive to temperature and
3. Convenient mobile phase
operation
ICP-MS 1. Good selectivity 1. Endogenous metals in biological samples
can cause strong interference
2. Sensitive 2. Complex composition of biological samples
may result in serious matrix effects
3. Excellent 3. Sample preparation is complicated and
accuracy time-consuming
LC-MS/MS 1. Good selectivity 1. Difficult to analyze MDNS that are
2. Sensitive polydisperse
3. Excellent
accuracy

(GPC-RI: gel permeation chromatography with refractive index detection; ICP-MS: induc-
tively coupled plasma mass spectrometry; LC-MS/MS: liquid chromatography tandem
mass spectrometry; MDNS: materials of the drug nanocarrier system; MRI: magnetic res-
onance imaging).

reported in an earlier study [56]. SF and cellulose can be both used as
MDNS and Chen et al. used MRI to investigate the in vivo degradation
of a cellulose nanocrystal/SF-blended hydrogel [57]. Three month real-
time dynamic degradation of the hydrogel was studied using proton-
density-weighted imaging as well as T2 and T2* mapping.

Most MRI studies to date have focused on tracing the fate of intact
NCs rather than of MDNS released from them. This is probably because
of the limitations of MRI as a bioanalytical tool. First, the specificity of
MRI is unreliable because the biological matrix can cause strong back-
ground noise and interfere with the detection of analytes [39]. Secondly,
it is unable to reveal metabolic changes because it is not structurally
specific. Thirdly, the accuracy and reproducibility of MRI are limited
by inadequate calibration and validation criteria [58]. Finally, contrast
agents are likely to alter the in vivo fate of MDNS and are not without
some toxicity.

24. GPC-RI

GPC-RI is mainly used in the determination of saccharides but it has
also received limited application in the bioassay of other MDNS. Grindel
et al. have studied the PK of poloxamer 188 in rat, rabbit, dog and man
with GPC-RI [59]. Plasma samples were prepared by protein precipita-
tion with acetonitrile and sodium chloride prior to GPC-RI analysis.
The analytical method was fully validated and the results demonstrated
the method was adequate to study the PK of poloxamer 188 despite its
limited sensitivity.

Mohammad et al. used GPC-RI to investigate the degradation of
PLGA nanoparticles in tissues following i.v. administration to mice
[60]. PLGA was extracted from tissue samples using chloroform after
which the chloroform solution was frozen and lyophilized prior to anal-
ysis. The application of GPC-RI is again limited due to matrix interfer-
ence, low sensitivity and poor reproducibility. In addition, GPC-RI is
sensitive to temperature and the nature of the mobile phase which
may decrease the reproducibility of the technique.

2.5. ICP-MS

ICP-MS is commonly used to determine metals with good selectivity,
high sensitivity and multi-isotope detection capability. The MS feature
can take a number of forms of which ICP-Q-MS is the most common
technique for NP analysis due to its fast data acquisition speed
(< 0.5 ms) [61]. Lee et al. used it to investigate the distribution of
AgNPs in rat [62] where tissue samples were digested in nitric acid
and hydrogen peroxide and diluted with deionized water before silver
was determined by ICP-MS. Salimi et al. investigated the biodistribution
of FeONPs in tumor-bearing BALB/c mice using a similar method [63]
where blood and tissue samples were digested in nitric acid and hydro-
gen peroxide, diluted with 2% nitric acid before iron was determined by
ICP-MS.

In spite of numerous merits and extensive application to studies of
metallic NCs, ICP-MS has several limitations. First, it cannot differentiate
metal in a DDS or MDNS from endogenous metal. Secondly, it does not
provide information about the release or metabolism of MDNS. Thirdly,
the sample preparation procedure for ICP-MS is often complicated and
time-consuming.

2.6. LC-MS/MS

Because of the excellent selectivity, sensitivity and accuracy, LC-
MS/MS is considered the “gold standard” technique for carrying out
PK studies of small molecules. However, problems arise when applied
to the quantitation of polymeric MDNS due to the fact they are gener-
ally polydisperse (i.e. exist as mixtures of polymers with MWs distrib-
uted about a central average value) and form multiple product ions
during MS/MS detection. Recently, new MS techniques have overcome
this problem. Gong et al. quantified PEGs and PEGylated proteins in
animal tissue using an in-source collision induced dissociation (CID)
strategy [64] (Fig. 6, I). In this technique, PEGs PEGs or PEGylated pro-
teins are fragmented in-source by the declustering potential to pro-
duce specific fragments that can be selected as parent ions in Q1.
After being transferred to Q2, parent ions are dissociated by the colli-
sion energy to generate daughter ions, some of which are selected and
transported to the detector via Q3. The LLOQ of the method for 40 kDa
PEG was 50 ng/mL.

In contemporaneous studies, Zhou et al. used an MS*"-based ap-
proach with LC-TOF-MS to determine linear PEGs in rat plasma [65]
(Fig. 6, II) while Gu and co-workers used the approach to study the
fate of PEGylated doxorubicin and paclitaxel after i.v. injection to rats
[66,67]. In this approach, no ion is selected in Q1 and all ions are disso-
ciated by the collision energy in Q2 before specific fragments are de-
tected by TOF MS. Compared with the in-source fragmentation
strategy, MS*™ provides better selectivity and sensitivity because the
collision energy in Q2 provides better dissociation capacity and TOF-
MS provides higher resolution.

Current LC-MS/MS technologies are restricted to the bioanalysis of a
small number of organic MDNS and need to be further developed. More-
over, LC-MS is not as visual as fluorescence labeling, radiolabeling or
MRI since it cannot intuitively reflect the distribution process of
MDNS. Nevertheless, LC-MS is a powerful tool for application to metab-
olism studies.
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molecular weight determines lung clearance and iodistribution after instillation, Mol. Pharm. 13 (2016) 1904-1914. Copyright © 2016 American Chemical Society.
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Fig. 5. I: Radioactivity image of ®™Tc-hyaluronan biodistribution in rat. [48]. Il: Radioactivity image of AuNPs-!'In biodistribution in rat. [49] Fig. 5 I is reproduced with the permission of
the publisher and L. Balogh et al., Absorption, uptake and tissue affinity of high-molecular-weight hyaluronan after oral administration in rats and dogs, J. Agric. Food Chem. 56 (2008)
10582-10,593. Copyright © 2008 American Chemical Society. Fig. 5 Il is reproduced with the permission of the publisher and C. Alric et al., The biodistribution of gold nanoparticles designed

forrenal clearance, Nanoscale 5 (2013) 5930-5939. Copyright © Royal Society of Chemistry 2013. [B: bladder; K: kidney; WC: urine collection tube; Au@DTDTPA: nanoparticles made up of
a gold core and a dithiolated polyaminocarboxylate shell].
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Fig. 6.1I: In-source collision induced dissociation (CID) strategy for the determination of PEG and PEGylated protein by LC-MS. [58] Il: MSA!* strategy for the determination of PEG by LC-MS.
[59] Fig. 6 1 is reproduced with permission from the publisher and J. Gong et al., Quantitative analysis of polyethylene glycol (PEG) and PEGylated proteins in animal tissues by LC-MS/MS
coupled with in-source CID, Anal. Chem. 86 (2014) 7642-7649. Copyright © 2014 American Chemical Society. Fig. 6 II is reproduced with permission from the publisher and X. Zhou
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Time-of-Flight Mass Spectrometry, Anal. Chem. 89 (2017) 5193-5200. Copyright © 2017 American Chemical Society. (CID: collision induced dissociation)

3. ADME of NCs
3.1. Absorption

Absorption of an NC into the blood subsequent to administration by
the oral, inhaled or dermal routes involves two processes viz. interac-
tion with the internal environment of the organism and passing through
a bio-barrier [68-70]. In this case, NCs are transported to regional lymph
nodes before distribution into blood [71]. These administration routes
can provide slow release of drug so that less frequent administration
is possible. In contrast, i.v. administration of an NC brings it into imme-
diate contact with the blood where it may undergo aggregation due to
the high ionic strength [72]. This can lead to obstruction of blood capil-
laries and, in the case of larger NPs, formation of an embolism [1].

NCs ingested orally may penetrate epithelial barriers either directly
by passive transcellular or paracellular diffusion or indirectly as a result
of carrier-mediated cellular uptake followed by transcytosis [73]. NCs
ingested via inhalation into the lung may cross the pulmonary barrier
and undergo capture and clearance in the pulmonary microenviron-
ment [70]. NCs applied to the skin must cross the epidermis and dermis,
and stratum corneum, the most superficial layer of the epidermis, is the
main obstacle to the process of absorption. Generally, only small NCs
can penetrate the stratum corneum [70,74].

Following administration of an NC, MDNS can be produced at any
stage of NC distribution and undergo one or more stages of ADME in
their own right. ADME studies of MDNS reveal their potential impact

on the organism and are important to understand their potential toxic-
ity and to guide the design of safer NCs [70].

3.2. Distribution

After absorption, NCs are distributed throughout the body and dis-
persed in tissues where they may accumulate if administered over a
prolonged period. The size, shape and surface properties of NCs can be
fine-tuned in order to prolong blood circulation and enhance targeting
to a particular site [70]. However, NCs in the bloodstream are apt to ad-
sorb plasma components which can change their charge and size and
thereby alter their physicochemical properties [75]. In addition, the ad-
sorption of plasma proteins onto an NC can make it be recognized by the
mononuclear phagocytic system (MPS) and its subsequent clearance
from the circulation [76].

Although general rules for the biodistribution of NCs have yet to be
developed, it is clear that certain factors can influence the process
[50]. First, smaller NCs undergo better distribution to tissues than
their larger counterparts partly because those with size >200 nm are
generally eliminated by the spleen [77,78]. Secondly, in cancer treat-
ment, NCs with size in the range 10-200 nm tend to distribute to
tumor tissue at high concentration in virtue of the EPR effect [79].
Thirdly, a non-spherical rather than a spherical shape appears to in-
crease circulation time and promote accumulation [80].

Functional modification of NCs can improve their targeting ability.
Folic acid is an extensively used ligand for targeting the membrane of
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cancer cells and enhancing NC endocytosis via the folate receptor which
is commonly overexpressed by cancer cells [81]. Anisamide achieves the
same goal by interacting with overexpressed sigma receptors on tumor
cells [82-85]. Glycyrrhetinic acid and galactose are widely used to en-
hance distribution of NCs to the liver [86,87]. Modification with pep-
tides, proteins, nucleic acids and nucleic biotin can also improve the
targeting of a DDS [79].

3.3. Metabolism

The metabolism of NCs mainly depends on the route of absorption
and their surface characteristics [76]. NCs can be cleared from the
body via structural degradation and excretion in non-degradable form
[88]. In the case of inorganic NCs, they are generally considered to be re-
sistant to degradation and metabolism and display long residence times
in the body [71]. For example, PEGylated quantum dots can remain in
the body for at least two years [89]. However, some researchers disagree
with this point of view as has been discussed elsewhere [90,91]. Because
of the acidic environment in lysosomes, degradation of inorganic NCs
can release metal ions that can subsequently bind to different biomole-
cules [92]. Moreover, chemical groups on the surface of inorganic NCs
can be metabolized enzymatically or non-enzymatically.

In the case of organic NCs (those made up of organic MDNS), enzy-
matic degradation depends on their chemical composition and physico-
chemical properties [1]. Organic NCs are likely to first dissociate to
MDNS which are then metabolized to smaller components [1,93]. Yin
et al. and Sun et al. detected PEGs dissociated from polymeric NCs
in vivo [66,67]. In the liver, MDNS too large to pass through transcellular
pores between liver sinusoidal endothelial cells can be filtered whereas
small MDNS can traverse the pores, access the Disse space and then
enter hepatocytes [70,94]. MDNS may then experience enzymatic me-
tabolism [95,96] by enzymes such as mono-oxygenases, transferases,
esterases and epoxide hydrolase [70]. The metabolites produced are ei-
ther excreted in urine or transported to the bile and ultimately excreted
in the feces. Overall NCs may produce a wide range of metabolites dif-
fering in size, shape and chemical form [70].

3.4. Excretion

Excretion is an essential process that serves to reduce the potential
toxicity of NCs. Excretion by renal clearance takes place via glomerular
filtration which depends on the shape, size and charge of the NC
[97,98]. In general, particles with diameter < 6 nm can traverse glomer-
uli, enter the bladder and undergo elimination in the urine. However,
surface charge influences the excretion of particles with diameter
6-8 nm since crossing glomeruli is easier for positively charged particles
[70,99]. After traversing the glomerular capillaries and entering the
Bowman's space, some particles undergo tubular reabsorption and re-
turn to the blood. Particles that are not reabsorbed traverse the glomer-
uli and are excreted in the urine [70]. It has been reported that a number
of polymer-based NCs are excreted in the urine [70,100].

For non-biodegradable NCs with diameter > 6 nm, excretion is exclu-
sively into bile. Compounds with low MW are handled by active trans-
port [101] whereas those with higher MW undergo paracellular and
transcellular transport [102]. For example, 50 nm polystyrene NCs are
primarily eliminated in bile as intact particles [103]. However, as started
above. Charge on NCs influences the process of biliary excretion
[104,105].

4. ADME of MDNS
4.1. Polyesters
PLA, PLGA and PCL are polyesters commonly used in the preparation

of NCs. PLA is a linear, aliphatic polyester made up of L, D or racemic
forms [106] which have different mechanical properties and

degradation profiles [107]. PLA is biocompatible [108], and FDA has rat-
ified its application in medicines and medical devices [109]. Despite its
widespread use in NCs [109], the ADME of PLA MDNS have received lit-
tle attention.

The European Medicines Agency (EMA) and FDA have authorized
the application of PLGA copolymers in drugs and medical devices be-
cause they are biocompatible, relatively non-toxic and able to control
drug release [110,111]. PCL is a semi-crystalline polymer which has
been authorized by the FDA for clinical application in NCs [112]. Its hy-
drophobicity enhances its cellular uptake [113] and extends its half-life
in vivo promoting its use for sustained delivery of encapsulated pep-
tides and proteins and their protection from acidic degradation [112].

4.1.1. Absorption

At the present time, there is no information relating to the absorp-
tion of PLA and only one study relating to that of PCL. The latter investi-
gated subcutaneous (s.c.) implantation of PCL capsules in rats [114] and
showed that PCL can be slowly absorbed into the blood. In fact, PCL was
only detected in plasma 15 days after implantation, did not reach its
highest level until after 45 days and required 165 days before it was
completely cleared from the system.

There is also little information relating to PLGA absorption but a
study of the ADME of PLGA-NPs has been carried out [115]. It showed
they are absorbed after oral administration but no details were pro-
vided. After topical administration of PLGA-NPs to the skin, Wei et al.
[115] showed that the stratum corneum is the main barrier to absorp-
tion although some occured by passive permeation via the follicular
pathway. Greater absorption resulted from breaking the stratum
corneum using microneedles which facilitated the passage of NCs
through both the epidermis and dermis.

4.1.2. Distribution

After PCL was administered to rat by s.c. injection, it was not de-
tected in organs presumably because of its slow rate of absorption
[114]. There are no studies describing the distribution of PLA possibly
because of its rapid degradation by ester hydrolysis. As stated above,
Wei et al. studied the fate of topically administered PLGA NPs through
human skin treated with microneedles [115]. They found that the NPs
preferred to distribute into the epidermis compared with the dermis
and the distribution was size-dependent and increased with NP concen-
tration up to a limiting value. In a study by Navarro et al. involving oral
administration of PLGA NPs to F344 rats, the concentration was highest
in spleen followed by kidney, intestine, liver, lung, brain and heart [116].
However, in another study involving similar administration to Balb/C
mice, Semete et al. found the concentration was highest in liver
followed by kidney, brain, heart, lung and spleen [117]. The authors
speculated the difference was not only due to the different animal spe-
cies but also to differences in size, shape and surface characteristics of
the NPs used in the two studies. In particular, the NPs used by Navarro
et al. were 200-350 nm in size and hence were cleared by the spleen
[77,78] leading to the high spleen concentration found, whereas the
NPs used by Semete et al. were smaller (112 &+ 9 nm) and were proba-
bly cleared mainly by the liver.

Park et al. investigated the biodistribution of PLGA NPs in mice hepa-
tocytes after injection into the spleen [118]. The authors found that only
7% of hepatocytes took up the NPs with Kupffer cells taking up most
[118]. It has also been reported that grafted PLGA scaffolds in the body
often result in inflammation around implants [16]. This finding raises
questions about the safety of drug-loaded PLGA NPs.

4.1.3. Metabolism

PLA can be degraded by ester hydrolysis to produce lactic acid
[119,120], an endogenous substance generated by muscles [121]
which subsequently enters the Krebs cycle to be metabolized to H,O
and CO,. PLA hydrolysis in vivo is a heterogeneous reaction involving
diffusion control and autocatalysis [119]. Ester bonds are first
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hydrolyzed to produce oligomers that can diffuse to surface and un-
dergo complete hydrolysis. Autocatalysis is triggered by PLA oligomers
that remain inside the matrix [119]. Because lactic acid is an endoge-
nous substance, it is generally considered safe but it can decrease the
pH of the surroundings and cause inflammatory tissue reactions [122].
In fact, chronic inflammation as indicated by the presence of macro-
phages, fibroblasts, giant cells and lymphocytes has been observed in
dogs after meniscal reconstruction with poly-L-lactide based materials
[123]. Moreover, Taylor et al. proved that accumulation of lactic acid
in water incubation solutions can lead to toxicity [124].

PLGA undergoes hydrolysis to produce lactic acid and glycolic acid,
and either of them can get into the Krebs cycle and be degraded to
H,0 and CO, [110,125]. Polymer degradation can be influenced by in-
trinsic properties and environmental parameters. Generally, degrada-
tion is more rapid for amorphous polymers with low MW, good
hydrophilicity and high glycolide content [125]. Mohammad and
Reineke studied degradation of PLGA NPs in tissues after i.v. administra-
tion [60] and found that breakdown was greatest in the liver due to its
high concentration of esterases [60]. The in vivo degradation of PCL in
rat was also mediated by esterases but details of the process were not
provided [114].

4.1.4. Excretion

Only one report describing the excretion of PCL has been published
which showed that >90% is excreted in feces and urine after s.c. injection
in rat [114]. Studies of the excretion of PLA and PLGA have not been re-
ported probably because they are efficiently degraded in vivo to multi-
ple products that pose a big challenge to analytical methods.

4.2. PEGs and PEG-associated derivatives

PEGs are hydrophilic and neutral polymers made up of ethylene
oxide units that exist as both branched and linear forms. They are stable,
innoxious and biocompatible and as a result have been authorized by
the FDA for clinical use by parenteral administration [126,127]. Low
MW PEGs are often used to regulate the solubility and viscosity of
drug carriers whereas high MW PEGs are mainly used as structural ma-
terial to regulate drug release from DDS. They are commonly used in
NCs to reduce their immunogenicity and antigenicity, increase their
water solubility and extend the circulation half-life of the payload
drug [65].

Poloxamer is a copolymer made up of various lengths of ethylene
oxide (EO) and propylene oxide (PO) [23] in the form of a triblock co-
polymer EO,-PO,-EQO, [128]. Different poloxamers are named with the
letter “P” (for poloxamer) followed by three digits, the first two multi-
plied by 300 giving the approximate PO MW and the third multiplied
by 10 giving the percent of EO (e.g. P188 has a PO MW of 5400 Da and
an EO content of 80%) [23]. When used in NCs, poloxamers can promote
uptake by cancer cells, increase drug cytotoxicity [129] and enhance
drug stability [130]. Currently, ADME information is only available for
P188.

4.2.1. Absorption

Absorption of PEGs from the GI tract is MW dependent, decreasing
as MW increases. For example, it was found that only 2% of PEG 1000
was absorbed from the GI tract of rats and PEGs with MW in the range
4000-6000 Da were not absorbed even after 5 h [131]. In humans,
oral absorption decreased from 57% for PEG 500 to 9.8% for PEG 1000
to virtually zero for PEG 6000 [132]. After oral administration of 17 g
PEG 3350 to healthy individuals, only 29 mg was absorbed into the
blood, the rest being excreted in the feces [133]. This poor bioavailability
may result from the tendency of PEGs to absorb water and thereby in-
crease their volume. As for transdermal administration, PEGs with
MW < 4000 are absorbed to only a small extent through intact skin,
and PEGs with higher MW are not absorbed at all [134].

4.2.2. Distribution

Knop et al. found that PEGs administered by i.v. injection to mice
could be detected in kidney, lung, heart, liver, GI tract, spleen and gall
bladder [8]. In a study by Rudmann et al. [135], PEGs of various MW
(10, 20 and 40 kDa) administered as an i.v. 100 mg/kg injection were
still detected in kidney, spleen, liver, lungs, heart and choroid plexus
after three months. Concentrations were highest in choroid plexus
and spleen for PEG 40000 and in lungs and kidney for PEG 10000.

In a study of the distribution of PEGs in mice after i.v. administration,
Yamaoka et al. [136] found highest concentrations in liver and GI tract.
The accumulation of high MW PEGs in liver is of concern since it has
the potential to cause macromolecular syndrome [137]. PEG MW has lit-
tle influence on the distribution profile but clearance from tissues/or-
gans decreases with increasing MW. Accumulation is time-dependent
on account of the vascular permeability. Thus low MW PEGs freely dis-
tribute between blood and extravascular tissues by diffusion whereas
high MW PEGs translocate more slowly [136]. This means that chronic
administration of large doses of high MW PEGs can cause serious accu-
mulation in organs and lead to potential toxicity.

Some researchers have studied the distribution of PEGs released
from NCs in vivo. Yin et al. investigated the distribution of PEG 2000 re-
leased from PEGylated doxorubicin administrated by i.v. injection to
tumor-bearing mice [138]. They found that released PEG distributes
mainly to kidney followed by liver and remained detectable up to
46 h. Sun et al. carried out a similar study after i.v. injection of PEGylated
paclitaxel [139] and found PEG 2000 distributed mainly to kidney and
bladder in the first hour and to spleen and liver after 12 h.

Grindel et al. investigated the tissue distribution of P188 after i.v. in-
jection to dogs and rats [49]. After 48 h, P188 was widely distributed
throughout the body but was high concentrated in kidney with the po-
tential to cause dose-dependent renal dysfunction characterized by
coarse vacuolization of the proximal tubule epithelium. [23]

4.2.3. Metabolism

Webster et al. reviewed the metabolism of PEGs [14] and concluded
it occurred mainly by oxidation of the terminal alcohol group to a car-
boxyl acid [15]. Both hydroxyacid and diacid metabolites were found
in burn patients, cats and rabbits. Sulfated PEG metabolites have also
been observed in rat and guinea pig liver. In mammalian systems, the
oxidation is mainly mediated by alcohol dehydrogenase, with
CYP450s and sulfotransferases playing a lesser role. Although toxicolog-
ical studies indicate the metabolites are non-toxic, the acid metabolites
are thought to be responsible for the acidosis and hypercalcemia ob-
served in patients taking overdoses of PEGs.

The extent of PEG oxidation appears to decrease as MW increases
with some 25% of PEG 400 being metabolized in both human and rabbit
but only 15% of PEG 1000 being metabolized in human and only 4% of
PEG 6000 in rabbit. A similar situation exists for sulfation where PEG
200 is extensively metabolized in rat and guinea pig but PEG 6000 is
not sulfated at all.

Grindel et al. found a single metabolite of P188 in dog, rat and
human [49,59]. The metabolite had a MW of approximately 16,000 Da
and produced MALDI-MS fragmentation consistent with a block copol-
ymer. The authors concluded it was a high MW fragment of P188 [49]
that was cleared more slowly than P188 itself [59].

4.2.4. Excretion

Excretion of PEGs is also MW dependent. Low MW PEGs mainly un-
dergo renal clearance by passive glomerular filtration whereas those
with high MW are mainly excreted into bile [14,140]. In mouse, urinary
excretion was markedly less for MW > 20,000 Da [136], and in dogs the
plasma elimination rate of PEGs with MW in the range 400-4000 Da
was consistent with glomerular filtration [141]. In mass balance studies
after i.v. injection in human, 86% of PEG 1000 and 96% of PEG 6000 were
eliminated via the kidney over 12 h [142] compared with 100% of PEG
1000 in rat [140].
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The MW threshold for kidney clearance of PEGs does not apply to
proteins because other factors influence the filtration process [137].
For instance, PEGs can absorb more water molecules than proteins of
the same MW resulting in a bigger hydrodynamic volume and a lower
MW threshold for biliary clearance. However, the linear and flexible na-
ture of PEGs allows them to cross glomerular membranes by ‘snake-like’
movements. The glomerular filtration threshold for PEGs has been cal-
culated to be 30 kDa [137] but other studies show that PEGs with MW
as high as 190 kDa are excreted by glomerular filtration [136].

For high MW PEGs, biliary excretion is the main elimination path-
way and is also MW-dependent. In mouse, biliary excretion is minimal
for PEGs with MW about 50 kDa and is higher for PEGs with both
lower and higher MW [136] possibly because the uptake of PEGs by
Kupffer cells increases as MW increases above 50 kDa [136]. Schaffer
et al. reported that PEG 400 administered by i.v. injection is not elimi-
nated by biliary excretion in bile duct-cannulated dogs [142]. For PEG
900, Friman et al. suggested that biliary clearance was a passive process
[143] whereas Roma et al. speculated that vesicular transport via the ly-
sosome was an active component of biliary excretion [144].

In separate studies, Yin and Sun investigated the release of PEG 2000
from PEGylated drugs [138,139]. After i.v. injection of 1 mg/kg
PEGylated doxorubicin to tumor-bearing mice, 42.7% of PEG 2000 was
excreted in urine and only 0.298% in feces. Similarly, after i.v. injection
of 25.8 mg/kg PEGylated paclitaxel (PEG 2000) to rats, 44.0% of PEG
2000 was excreted in urine and 2.02% in feces. For P188, renal clearance
is the main route of elimination in human accounting for about 90% of
total body clearance after i.v. injection [51]. Fecal excretion accounted
for only about 0.025% of the dose over 96 h [49].

4.3. Polysaccharides

Chitosan and HA are common polysaccharides used in preparing
NCs. Chitosan is a linear aminopolysaccharide which, like cellulose, con-
sists of D-glucosamine and N-acetyl-D-glucosamine [145]. Under alka-
line conditions, chitosan can be produced by deacetylation of chitin
[146]. Chitosan is a nontoxic, biodegradable polymer of low immunoge-
nicity [147,148] which is approved in Japan, Italy and Finland for dietary
applications [149] and by the FDA for use as a wound dressing [150]. Be-
cause of its cationic nature and mucosal adhesiveness, it has been
widely used in a variety of DDS [151]. For example, chitosan nanoparti-
cles are extensively used due to their unique ability to target organs and
tumors [152-154].

HA is a natural mucopolysaccharide made up of D-glucuronic acid
and N-acetyl-D-glucosamine with a MW > 1000 kDa [155]. It is ubiqui-
tously present in almost all vertebrate tissues and participates in many
cellular processes [50]. Due to its biocompatibility, non-
immunogenicity and unique viscoelastic and lubricating properties,
HA has been applied in various medical devices. It has also facilitated
the development of NCs that actively target drugs and genes to tumor
cells. Such NCs are produced by chemical conjugation of HA to pre-
formed lipid-based NCs and polymeric NPs or as self-assembling NCs
that use chemically modified HA as the backbone [156-158]. The selec-
tive toxicity of HA-based NCs results from the overexpression of HA re-
ceptors on cancer cells [159].

4.3.1. Absorption

Onishi et al. reported that FITC-labeled chitosan and
carboxymethylchitosan are rapidly and efficiently absorbed after i.p. ad-
ministration [160]. Kato et al. observed that absorption of highly
succinylated N-succinylchitosan into blood after i.p. administration
took several hours but reached an efficiency of 87% [161]. Later research
by Dong et al. showed absorption of carboxymethylchitosan after i.p.
administration was MW dependent [42]. Furthermore, Chae et al. re-
ported that FITC-labeled chitosans with MW 3.8 kDa achieved high
plasma concentrations after oral administration whereas those with
MW 230 kDa showed virtually no absorption [162]. Orally administered

oligomers are absorbed to a small extent but larger MW chitosans are
directly excreted with no absorption [163]. It has been speculated that
lower MW carboxymethylchitosans and their degradation products
are more easily transported from the blood to peripheral tissues than
higher MW ones [161] suggesting low MW derivatives are preferable
for preparing NCs to be administered extravascularly.

Another important property of chitosan is its positive charge at low
pH. This results in the formation of salts with negatively charged fatty
acids and bile acids in the stomach and GI tract that can reduce their ab-
sorption. Being hydrophobic, chitosan can also bind to lipids (e.g. cho-
lesterol and other sterols) to reduce their emulsification [21]. It has
also been reported that chitosan can promote platelet adhesion [22].
These properties suggest further research is needed into the clinical
use of chitosan based NCs.

In relation to HA, Oe et al. reported that about 90% of '“C-labeled HA
is absorbed by the GI tract to be utilized as energy or structure compo-
sition of the body [164]. Absorption has been shown to take place in the
large intestine [165]. Interestingly, Laznicek et al. found that *°™Tc-
labeled HA was not absorbed in rats after oral administration [50]
which presumably results from the different radioisotopic label [165].

4.3.2. Distribution

After i.v. administration to rats, Richardson et al. found that
chitosans with high MW accumulate in the liver to a potentially toxic
level [166]. Similar results were found by other researchers [167-169]
who also observed accumulation in the stomach [170,171]. After i.v. ad-
ministration to mice, chitosan N-octyl-O-sulphate distributes mainly to
the kidney [171]. After i.p. administration to mice, FITC-labeled chitosan
also distributes mainly to the kidney [160] whereas FITC-labeled
carboxymethylchitosan was found in the liver, spleen and kidney
[148]. In fact, biodistribution of chitosan in mice is similar after i.p. and
i.v. administration [163]. In rats, '?°I-labeled chitosan distributes pri-
marily to liver but at low concentrations 2 days after injection into the
hepatic artery it is found mainly in stomach and muscle [54].

After i.v. administration of ®™Tc-labeled HA, Laznicek et al. found
the highest level of radioactivity in the liver with some in the kidney
due to elimination of HA fragments [50]. After i.v injection, Courel
et al. [172] found the highest level of tritiated HA in kidney, spleen
and liver with some in bone marrow of mice. After oral administration,
radioactivity was only detected in the GI tract [50].

In contrast, Oe et al. studied the distribution of '*C-labeled HA and
found high radioactivity in intestine, pancreas, harderian gland, liver,
and mandibular gland after oral administration [164]. Balogh et al.
found that after oral administration of ®°Tc-labeled HA to rats and
dogs, radioactivity was found in blood, skin, joints, bone and muscle
[51]. Again these differences are probably the result of the different ra-
dioisotopic labels. Kimura et al. demonstrated that the migration of
HA to the skin is via the blood or lymph [165]. After pulmonary admin-
istration via intratracheal instillation in mice, the highest HA levels were
found in the lung followed by the GI tract [43] (Fig. 7, I).

4.3.3. Metabolism

Enzymes can degrade chitosan by hydrolyzing bonds between glu-
cosamines, N-acetylglucosamines and each other. In vertebrates, chito-
san is mainly degraded by muramidase and enzymes produced by
bacteria in the GI tract [163]. Three chitinases of human viz.
chitotriosidase, acidic mammalian chitinase and di-N-acetylchitobiase
were shown to have hydrolytic activity [173]. Possible sites of chitosan
degradation after i.v. administration are thought to be the liver and kid-
ney, the former playing a central role in degradation after i.p. adminis-
tration [163,174]. It has also been reported that chitosan administered
by i.p. injection is degraded in the peritoneal cavity [148].

After oral administration, chitosan breakdown occurs principally in
the gut in a species-dependent manner. Thus, breakdown is more ex-
tensive in hens and broilers than in rabbits. Interestingly, N-
stearoylchitosan breakdown is insignificant demonstrating that
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Fig. 7. I: Distribution degrees of HA with different molecular weight in different organs. [41] II: (a) Dextran standard curve; (b) GPC curve of non-treated carboxymethylchitosan; (c) GPC
curve of urinary excreted carboxymethylchitosan degradation products at 6 h after intraperitoneal administration. [160] Fig. 7 I is reproduced with permission from the publisher and C.
Kuehl et al., Hyaluronic acid molecular weight determines lung clearance and biodistribution after instillation, Mol. Pharm. 13 (2016) 1904-1914. Copyright © 2016 American Chemical So-
ciety. Fig. 7 Il is reproduced with permission from the publisher and W. Dong et al., Effects of molecular weights on the absorption, distribution and urinary excretion of intraperitoneally ad-
ministrated carboxymethyl chitosan in rats, J. Mater. Sci. Mater. Med. 23 (2012) 2945-2952. Copyright © Springer Science+Business Media, LLC 2012. (CM-chitosan: carboxymethyl

chitosan; HA: hyaluronic acid)

enzymolysis of chitosan relies on the presence of free NH, groups. Fur-
thermore, the chitosan degradation speed depends on MW and degree
of acetylation [163]. Low MW degradation products can be subse-
quently channeled into the biosynthesis of structural components
such as glycoproteins [42].

Administered HA is first phagocytized by liver endothelial cells and
then transported to lysosomes for disposal [50]. Hyaluronidases, six of
which have been identified to date, can hydrolyze linkages between
N-acetyl-D-glucosamine and D-glucuronic acid [175] after which fur-
ther degradation leads ultimately to CO,, H,O and urea [44]. There are
two kinds of human hyaluronidase, one of which, hyaluronidase 2, me-
tabolizes HA into 20 kDa subunits and the other, hyaluronidase 1, me-
tabolizes HA in the blood to tetrasaccharides. These tetrasaccharides
are then broken down to monosaccharides by glucosidase in the liver
and utilized as an energy source before being ultimately expired as car-
bon dioxide [165]. Interestingly, not all internalized HA is metabolized
within lysosomes since some is sequestered into vesicles of various
sizes [176]. It has also been reported that HA can be fragmented by ox-
ygen radicals in tissues [177] and degraded to oligosaccharides by bac-
teria in the cecum [165].

4.3.4. Excretion

Suzuki et al. reported that, after i.v. administration of holmium-166
labeled chitosan to rats and mice, 4-5% of chitosan was recovered in
feces and urine and about 90% in the corpse [178]. After i.p. administra-
tion of FITC-labeled chitosan and carboxymethylchitosan to rats, urinary
excretion was the major route of elimination [148,160] (Fig. 7, II). Inves-
tigation of its dependence on MW showed 88% of high MW FITC-
carboxymethylchitosan was excreted over 15 days compared with
about 71% of low MW FITC-carboxymethylchitosan [42].

Oe et al. reported that after oral administration of '“C-labeled HA to
rats, 3.0% of the radioactivity was excreted in urine, 11.9% in feces and
76.5% in expired air [164]. Balogh et al. did the same experiment using
99mMTc_|abeled HA and found that about 90% of the radioactivity was ex-
creted in feces and 3% in urine [51]. This difference is presumably the re-
sult of using different labeling reagents. After i.v. administration to rats,

70% of '*C-labeled HA was recovered in exhaled breath and 22% in urine
compared with 63% and 20% respectively in rabbits [179].

4.4. Polyenes

Currently, polyenes are extensively used in NCs with PVP and PVA
being the two most common MDNS. FDA has authorized numerous bio-
medical applications of PVA because of its biocompatibility, low toxicity
and non-immunogenicity [180,181]. PVA is synthesized by first poly-
merizing vinyl acetate monomer to poly(vinyl acetate) and then hydro-
lyzing it to produce poly(vinyl alcohol) [182]. PVP is a macromolecular,
nonionic polymer with good stability over a wide range of pH that has
also been widely used in preparing NCs [183,184]. It acts as a surface sta-
bilizer by reducing NC aggregation due to repulsive forces resulting
from its hydrophobic carbon chains [185].

4.4.1. Absorption

Kaneo et al. reported that the rate of PVA absorption into blood from
different injection sites decreases in the order i.p. > intramuscular > s.c.
[182]. Absorption after i.p. administration involves two main pathways:
entering the peritoneal blood microcirculation followed by traversing
the liver to drain into the portal vein, and directly traversing the perito-
neal lymphatic system to enter the blood [41]. Yamaoka et al. found that
PVA absorption rate was shown to be MW dependent [186]. It has also
been reported that PVP can be absorbed from the GI tract after oral ad-
ministration [187] but details of the process were not provided.

4.4.2. Distribution

Wessel et al. reported that i.p. administration of PVP (MW > 30,000)
to humans leads to its accumulation in various tissues [188] possibly
leading to pulmonary fibrosis, joint pain, and skin sarcoidosis [189].
Other researchers have also observed accumulation in organs and tis-
sues with detrimental effects. Besides ureteral and duodenal blockage
[190] these include: in bone marrow and kidney causing pancytopenia
and decreased renal function; in nerve tissue, skin, and muscle leading
to polyneuropathy, subcutaneous nodules, and pathological fracture
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[191]; and in lung causing pulmonary fibrosis [192]. PVP accumulation
has also been observed in the ovaries and liver [17,193]. PVP accumula-
tion in tissues increases with increasing MW [17] requiring some cau-
tion when selecting it for use in NCs.

Distribution of PVA is also MW-dependent as shown by Yamaoka
etal. who administered it to mice by i.v. injection. They reported that ac-
cumulation occurred in liver and GI tract and was greater for intermedi-
ate MW PVA than for either higher or lower MW material [194].
However, the half-life in blood was found to increase with increasing
MW [194]. Kaneo et al. investigated the PK of i.v. administered PVA in
rats and mice and found the tissue level was only significant in liver,
where PVA can be endocytosed by parenchymal cells, and in spleen
[182]. Andreas et al. reported that after i.p. administration of high MW
PVA (195 kDa) to mice, PVA accumulated to high levels in fat tissues
of the abdomen and kidney, under the skin and to a small extent in
the liver [40] (Fig. 8). Overall, it appears that liver is the main site of ac-
cumulation leading to the possibility of hepatotoxicity after administra-
tion of PVA-based NCs.

4.4.3. Metabolism

In rats and mice, Kaneo et al. proved that intravenously adminis-
trated PVA is resistant to metabolism and that no metabolites were
found in urine or feces [182]. Similarly it was found to be eliminated un-
changed after i.p. administration [41]. Information relating to PVP me-
tabolism has not been reported.

4.4.4. Excretion

Excretion of PVA and PVP is also MW dependent. In rats and mice, in-
travenously administrated PVA is excreted in both urine and feces with
urinary excretion being the main pathway [182]. Low MW PVAs un-
dergo more rapid urinary excretion than high MW PVAs [195] although
PVAs with MW and size above the limitation for glomerular filtration
(molar mass > 80,000 Da; molecular radius > 4.4 nm) are excreted
through the kidney [196]. This phenomenon is due to the flexibility of
high MW PVA and its ability to change molecular shape [40]. However,
high MW PVA takes a long time to be fully eliminated from the body
[41]. PVA taken up by the liver is slowly transferred by the bile duct
and gall bladder to the intestinal tract and finally eliminated via feces.
Biliary excretion is independent of dose suggesting it does not involve
saturable transport processes. PVP is also excreted via both feces and
urine after i.v. injection [197-199] with the clearance becoming slower
as MW increases [200].

4.5.SF

SF fibers produced by the Bombyx mori silkworm have a diameter of
10-25 mm and consist of light chain, heavy chain, and small glycopro-
tein [201,202]. SF is considered to be biocompatible, biodegradable
and of low immunogenicity [202] and as a result has found application
in the preparation of NCs. This is because: (a) sensitive protein and
nucleic acid therapeutics can be loaded onto SF under mild aqueous
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Fig. 8. (a) Fluorescence images of PVA distribution in mouse; (b and c) fluorescence images of PVA distribution in different tissues; (d-f) confocal microscopy images of PVA distribution in
fat tissues. [40] Fig. 8 is reproduced with permission from the publisher and A. Schédlich et al., Noninvasive in vivo monitoring of the biofate of 195 kDa poly(vinyl alcohol) by multispectral
fluorescence imaging, Biomacromolecules 12 (2011) 3674-3683. Copyright © 2011 American Chemical Society. [PVA: poly(vinyl alcohol)].
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conditions that prevent their dissolution and their thermal and enzy-
matic degradation [203,204]; (b) loading is facilitated by the fact that
SF contains amino acids to which various biomolecules can be attached
[205]; and (c) SF can be modified by genetic manipulation to introduce
functional domains that can bind to a variety of substances [206]. At the
present time, information dealing with the ADME of SF-based NCs is
limited probably because SF is unstable in vivo.

Like most proteins, SF can be broken down in vivo into amino acids
[207] by proteolytic enzymes such as chymotrypsin, actinase, and car-
boxylase [202,207]. In general, their biodegradation takes place in two
stages in which SF is first adsorbed onto enzymes and then digested
by them. The final degradation products of SF are the corresponding
amino acids which are readily absorbed [202]. Chymotrypsin degrades
amorphous regions of fibroins to release highly crystallizable fibroin
proteins [207]. Proteolytic enzymes can cleave the less crystalline re-
gions of the protein to peptides which can be phagocytosed for further
metabolism by the cell [208].

4.6.CD

CDs are annular oligosaccharides made up of various dextrose units
[209]. They can improve water solubility, in vivo stability, and the deliv-
ery of drugs [210]. Extensive use of CDs in NC DDS is mainly due to their
ability to: (a) avoid undesirable interactions between drugs and the
physiological environment [211]; (b) promote drug adsorption by
interacting with biomembranes [211]; (c¢) regulate drug release [212];
and (d) display minimal toxicity in clinical use [213].

Kubota et al. found that 3-CD is absorbed from the GI tract in rat but
to only a small extent due to its large MW and hydrophilic nature [214].
Nevertheless, the absorption is by passive diffusion [215]. Similarly, the
oral bioavailability of hydroxypropyl-3-CD in human is very low at <1%
[216]. After absorption, CDs distribute mainly to the kidney and to a
lesser extent to bladder, liver and adrenal gland. Most CDs are elimi-
nated from tissues soon after administration but methyl-3-CD is
retained in the kidney for at least 6 days at an almost unchanged level.
After absorption, most CDs remain in extracellular compartments and
do not access deep compartments or storage pools. [215] The excretion
of CDs is mainly via renal clearance that can lead to accumulation in the
kidney with potential to cause renal impairment [217]. It has also been
reported that derivatives of 3-CD are cytotoxic to human Caco-2 cells
and can cause lung inflammation and early fibrosis after infusion
[19,20]. Clearly the safety of CD-based NCs needs further investigation.

Orally administered CDs are mainly metabolized by bacteria in the
GI tract to produce oligosaccharides, monosaccharides and gases such
as hydrogen, carbon dioxide and methane. After oral administration,
v-CD is almost completely digested in the GI tract. «-CD and 3-CD are
mainly digested by bacteria in the colon with a-CD being digested
more slowly [217]. CDs administered by i.v. injection to rat are rapidly
excreted unchanged via the kidney with some 90% of 3-CD being recov-
ered in urine. Absorbed CDs after oral administration are also excreted
in the kidney but, in this case, only 0.6% of 3-CD can be recovered in
urine [214,215].

5. Conclusions and future perspectives

This review describes the ADME of the biomaterials (MDNS) that
commonly make up NC DDS. In contrast to previous reviews dealing
with the PK of the NCs themselves, its main focus is the PK of MDNS
after their release from NCs and the various clearance mechanisms by
which they are excreted. Safety is always the most important consider-
ation for any medical product and is of particular concern in relation to
MDNS since they are present in large amounts in NCs and, when re-
leased, have the potential to cause toxicity. For instance, poloxamers,
PVPs and PEGs with high MW can accumulate in tissues and cause
health problems. Hence, MDNS and their metabolites should be biode-
gradable and easily excreted. Moreover, some MDNS and their

metabolites have bioactivity which may lead to undesirable effects.
For example, acid metabolites of PEGs may cause acidosis and hypercal-
cemia; chitosan can reduce emulsification of lipids and promote platelet
adhesion; and a metabolite of PLA can cause inflammatory tissue reac-
tions. MDNS and their metabolites may also affect the function of drug
transporters and metabolic enzymes leading to drug-MDNS interactions
and potential toxicity. Therefore, inertness is a highly desirable feature
of MDNS.

This review also describes the various bioanalytical methods used to
evaluate the PK of NCs and MDNS. However, to date there are no stan-
dardized protocols for evaluating the ADME of NCs and MDNS resulting
in problems when trying to compare the results of different studies
[218]. Therefore, the development of evaluation standards has high
priority.

Because of big differences in the PK of parenteral drugs and NC sys-
tems, a deep understanding of the ADME of MDNS is important to en-
sure the safe clinical use of NCs. Although much is known about the
PK of drugs, more work is needed to reach the same level of insight
into NC DDS. We hope this review will serve to promote this greater
understanding.
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