
Overcoming the challenges in the effective delivery of
chemotherapies to CNS solid tumors

Hemant Sarin
National Institute of Biomedical Imaging and Bioengineering, National Institutes of Health,
Bethesda, Maryland, 20892, USA, Tel.: +1 301 648 6458
Hemant Sarin: hemantsarin74@gmail.com

Abstract
Locoregional therapies, such as surgery and intratumoral chemotherapy, do not effectively treat
infiltrative primary CNS solid tumors and multifocal metastatic solid tumor disease of the CNS. It
also remains a challenge to treat such CNS malignant solid tumor disease with systemic
chemotherapies, although these lipid-soluble small-molecule drugs demonstrate potent
cytotoxicity in vitro. Even in the setting of a ‘normalized’ tumor microenvironment, small-
molecule drugs do not accumulate to effective concentrations in the vast majority of tumor cells,
which is due to the fact that small-molecule drugs have short blood half-lives. It has been recently
shown that drug-conjugated spherical lipid-insoluble nanoparticles within the 7–10 nm size range
can deliver therapeutic concentrations of drug fraction directly into individual tumor cells
following systemic administration, since these functionalized particles maintain peak blood
concentrations for several hours and are smaller than the physiologic upper limit of pore size in the
VEGF-derived blood capillaries of solid tumors, which is approximately 12 nm. In this article, the
physiologic and ultrastructural basis of this novel translational approach for the treatment of CNS,
as well as non-CNS, solid cancers is reviewed.

Challenges in the effective treatment of CNS solid tumors & recent
progress

CNS solid tumors constitute a diverse group of metastatic brain and spinal cord tumors,
which arise from cells of peripheral tumors that have seeded the CNS (e.g., lung, breast and
renal), as well as primary brain and spinal cord tumors, which arise from supporting cells of
the CNS (e.g., astrocytes, oligodentrocytes and germ cells) [1]. Single metastatic lesions to
the CNS and lower histological grade primary CNS tumors such as hemangioblastomas are
subsets of CNS solid tumors that can be effectively treated on symptomatic clinical
presentation via surgical excision and stereotactic radiotherapy [2–4]. However, the
incidence of single metastatic lesions to the CNS [5] is much lower than that of multifocal
metastatic disease to the CNS [6,7] and, likewise, the incidence of lower histological grade
primary CNS tumors is lower than that of higher grade primary CNS tumors [5,8].
Multifocal metastatic disease to the CNS presents as multiple well-circumscribed small solid
tumor foci that are disseminated throughout the CNS and are difficult to treat effectively
with locoregional therapies [9,10], whereas higher grade primary CNS tumors, such as

© 2010 Future Science Ltd
Financial & competing interests disclosure: The author has no other relevant affiliations or financial involvement with any
organization or entity with a financial interest in or financial conflict with the subject matter or materials discussed in the manuscript
apart from those disclosed.
No writing assistance was utilized in the production of this manuscript.

NIH Public Access
Author Manuscript
Ther Deliv. Author manuscript; available in PMC 2011 December 8.

Published in final edited form as:
Ther Deliv. 2010 August ; 1(2): 289–305.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



malignant gliomas and medulloblastomas, present as poorly demarcated solid tumor masses
with infiltrative small tumor colonies in adjacent functionally intact CNS tissue [11] and,
therefore, are difficult to treat effectively with locoregional therapies such as surgery,
stereotactic radiotherapy and direct intratumoral chemotherapy, or with intracavitary
chemotherapy in the postoperative resection cavity [10,12–17]. Furthermore, it remains a
challenge to treat multifocal metastatic and primary infiltrative CNS tumor disease
effectively with small-molecule chemotherapy drugs [18], even though these small lipid-
soluble and cationic lipid-soluble drugs demonstrate potent cytotoxicity in vitro and can
permeate the capillary walls of CNS solid tumor blood capillaries in most cases [19–27].
The high rates of multiple metastases to the CNS and localized reoccurrences of infiltrative
primary CNS solid tumors following resection is attributable to the failure of small-molecule
chemotherapy drugs to accumulate to cytotoxic concentrations in the individual tumor cells
of small solid tumor foci [28,29].

Lipid-soluble and cationic lipid-soluble small-molecule chemotherapy drugs do not
accumulate to cytotoxic concentrations in a significant proportion of solid tumor cells,
irrespective of tumor location being within the CNS (CNS solid tumors)[30], or outside, in
peripheral tissues (non-CNS solid tumors)[31,32]. In the 1980s, it was proposed that the
primary reason for the ineffective accumulation of small molecule chemotherapy drugs into
solid tumor cells is the elevated interstitial fluid pressure (IFP) of solid tumor interstitium,
due to the ‘hyper-permeability’ of the VEGF-derived blood capillaries of solid tumors to
macromolecules and the absence of the initial lymphatic capillaries and drainage in the
tumor center [33–36]. Based on this reasoning, over the past several years low-to-moderate
dose anti-VEGF therapies have been used to reduce the elevated solid tumor interstitial fluid
pressure, in order to promote the better, more homogenous, distribution of adjuvantly
administered small-molecule chemotherapy drugs within the solid tumor interstitium by
causing the regression of solid tumor blood capillaries, as well as by inducing the conversion
of solid tumor blood capillaries to a more normal, less permeable, phenotype (vascular
normalization) [33,37–41]. It is notable, however, that the progression-free survival times
of solid tumor patient populations treated with small-molecule chemotherapy drugs in
combination with anti-VEGF therapies are only increased by a few months in most cases
[42–45]. Based on such patient clinical outcome data, it can be inferred that, even with the
normalization of the solid tumor blood capillary network and reduction of interstitial fluid
pressure, small-molecule chemotherapy drugs do not accumulate to cytotoxic concentrations
within a significant proportion of individual tumor cells in the solid tumor interstitium,
which indicates that the elevated solid tumor IFP is not the primary reason for the ineffective
accumulation of currently employed small-molecule systemic chemotherapies in the solid
tumor interstitium and tumor cells. Other reasons have also been cited for the ineffectiveness
of small-molecule drug accumulation in solid tumor cells, including limited drug
bioavailability due to drug fraction being protein bound in systemic blood circulation [46]
and the overexpression of p-glycoprotein (P-gp) and multidrug resistance-associated
proteins (MRPs) in solid tumors, which are overexpressed on the cell membranes of the
endothelial cells lining the blood capillary walls in the case of CNS solid tumors [47–49],
and in the case of non-CNS solid tumors, on the cell membranes of the tumor cells
themselves [50,51]. Although it is likely that these factors play some limited role in the
ineffectiveness of small-molecule chemotherapy drugs, the overall ineffectiveness of small-
molecule chemotherapies at treating solid tumors is attributable to the short blood half-life
of small-molecule chemotherapy drugs [28,52], as these lipid-soluble and cationic lipid-
soluble small-molecule drugs are rapidly metabolized, as well as efficiently filtered by the
kidneys following bolus administration [53–56].

Recently, it has been shown that it is possible to deliver therapeutic concentrations of small-
molecule drugs directly into solid tumor cells with small-molecule drug-conjugated lipid-
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insoluble nanoparticles within the 7–10 nm size range [29,57]. This approach to the
treatment of CNS solid tumors, as well as non-CNS solid tumors, takes advantage of the fact
that:

• The blood capillary microvasculature of solid tumors is permeable to lipid-
insoluble macromolecules as large as 12 nm in diameter, but not larger [28,58], as
it is VEGF-derived fenestrated blood capillary microvasculature [59–61];

• Lipid-insoluble macromolecules 7 nm and larger in size, maintain peak blood
concentrations for several hours [28], as macromolecules 7 nm and larger are not
renally cleared [62].

In this review, the differences in the capillary wall morphology of normal brain and spinal
cord parenchymal tissue and solid tumor tissue blood capillaries are highlighted and
discussed in the context of the differences in the transcapillary routes for the passage of
lipid-soluble and cationic lipid-soluble small-molecule drugs and lipid-insoluble small
molecules and macromolecules, as these differences will need to be taken into consideration
when designing lipid-insoluble macromolecular systemic therapies and theranostics within
the 7–10 nm size range for CNS, as well as non-CNS, solid cancer treatment and monitoring
of treatment response [28,58]. Furthermore, the issue of the functionalized nanoparticle
exterior being cationic and resulting in cationic charge-mediated toxicity to the capillary
wall is also discussed, as it will be important to ensure that the surface charge of
functionalized lipid-insoluble macromolecules be maintained as neutral-to-anionic. In the
future perspective, some of the foreseeable challenges to the successful translation of the
proposed approach to the clinical setting are discussed [29].

Transcapillary routes for the passage of lipid-insoluble small molecules &
macromolecules

The capillary walls of normal CNS and solid tumor tissue blood capillary microvasculatures
are three-layered structures that consist of:

• The endothelial glycocalyx layer (EGL) on the luminal side;

• The basement membrane layer on the abluminal side;

• The endothelial cell lining layer in between the glycocalyx and the basement
membrane (Figure 1A & B) [61,63–68].

The EGL is a polysaccharide-rich fibrous matrix of anionic proteoglycans and
glycoproteins, and is a layer between 150 and 400 nm thick in most normal blood tissue
capillary microvasculatures [69,70]. Although the exact thickness of this layer has not yet
been determined in the cases of normal CNS tissue and CNS solid tumor tissue blood
capillary microvasculatures, the glycocalyx is known to exist on the luminal surface of the
endothelial cell lining in both these microvasculatures [63,64] and, in the case of solid tumor
microvasculatures, it is attenuated in thickness (Figure 1A) [61]. The individual fibers of the
glycocalyx matrix are thought to be hexagonally arranged and circumferentially spaced a
maximum of 20 nm apart [71]. Therefore, this relatively narrow interspacing of the
individual glycocalyx fibers is a physical barrier to the interaction of larger macromolecules
and therapies with the endothelial cell lining layer, for example, of liposomes [72] and
liposome-based therapies such as liposomal doxorubicin (diameter ∼100 nm) (Figure 1A &
B) [73]. By being rich in sialyated and sulphated glycoproteins and proteoglycans and by
being anionic, the narrowly interspaced glycocalyx matrix fibers also constitute effective
electrostatic barriers to the diffusion of blood globular proteins and immunoglobulins
through the layer, which are anionic in systemic blood circulation [74,75].
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The endothelial cell lining layer of normal brain and spinal cord parenchymal blood
capillary walls is the site of the ‘blood–brain barrier’ (BBB), as it is a lining of juxtaposed
endothelial cells that are nonfenestrated (Figure 1A) [66]. The capillary walls of normal
brain and spinal cord parenchyma blood capillaries are permeable to small lipid-insoluble
molecules (e.g., endogenous electrolytes and nonelectrolytes), since small aqueous pores
exist in the zona occludens ‘tight’ junctional complexes that interconnect the endothelial
cells that permit the transcapillary passage of small lipid-insoluble molecules with molecular
weights of less than approximately 0.2 kDa, and diameters of less than approximately 1 nm
[76,77], which constitutes the physiologic upper limit of pore size for the nonfenestrated
blood capillaries that supply the normal brain and spinal cord parenchyma [68]. In the case
of solid tumor tissue blood capillaries, the endothelial cell lining layer of the capillary walls
is fenestrated [60,61], as the endothelial cells possess diaphragmed fenestrae with aqueous
pores large enough to permit the transcapillary passage of lipid-insoluble macromolecules as
large as 12 nm in diameter, but not larger (Figure 1B) [28,58]. Therefore, the physiologic
upper limit of pore size for the VEGF-derived neo-angiogenic blood capillary
microvasculature of CNS solid tumors, as well as non-CNS solid tumors located in
peripheral tissues, is approximately 12 nm [28,58]. The observed tumor type and location-
dependent differences in the regional permeabilities of solid tumor capillary beds to lipid-
insoluble molecules and macromolecules are attributable to tumor type and location-
dependent differences in the overall histological porous surface area available for
transcapillary exchange [78–80], and not to differences in the upper limit of pore size in
solid tumor blood capillary walls [28,58]. The widened and disrupted interendothelial cell
junctions that have been noted on solid tumor blood capillary histopathology may also
contribute to the permeability of solid tumor blood capillaries to lipid-insoluble molecules
and macromolecules, but likely to a lesser extent than the aqueous pores of the diaphragmed
fenestrae (Figure 1B) [61,68].

The abluminal basement membrane layer is composed of collagen type IV proteins and
glycoproteins interlinked by proteoglycans with heparan sulphate glycosaminoglycan side
chains, with the heparan sulphated proteoglycans being concentrated at the anionic sites of
the basement membrane [81,82]. The basement membrane layer is between 60 and 100 nm
thick in the capillary walls of both normal tissue and solid tumor tissue blood capillary
microvasculatures (Figure 1A & B) [83–86]. The lattice of collagen fibrils of the basement
membrane layer is not a significant restrictive barrier to the transcapillary extravasation of
spherical macromolecules up to at least 12 nm in diameter (Figure 1B) [28,58,87]. In the
case of the basement membrane of solid tumor tissue blood capillaries, it has been noted that
there are occasional irregularities and focal defects [85,86,88]; however, these would not be
expected to significantly alter the functionally restrictive properties of the layer due to their
relative infrequency, which is why the basement membrane layers of normal brain and
spinal cord parenchyma and solid tumor blood capillary microvasculatures are depicted as
being similar in ultrastructure in Figure 1A & B.

Transcapillary routes for the passage of lipid-soluble & cationic lipid-
soluble chemotherapy drugs

Since the 1960s, when systemic chemotherapies first began to be employed towards the
clinical treatment of CNS solid tumors [89–91], small-molecule lipid-soluble and cationic
lipid-soluble chemotherapies have formed the basis of chemotherapy regimens, which
include traditional small-molecule chemotherapy drugs that target the cell cycle, such as
DNA alkylators and antimetabolites [49,92], and newer small molecule drugs that target
overexpressed tumor cell growth factor receptors and associated downstream cell-signaling
pathways, including tyrosine kinase and proteosome inhibitors [23,93,94]. Most small-
molecule chemotherapy drugs are lipid-soluble or cationic lipid-soluble molecules of
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molecular weights less than 0.8 kDa with high octanol-water partition coefficients (Kow;
LogP) and acid-dissociation constants (pKa) [95]. Of these, the lipid-soluble and cationic
lipid-soluble molecules of molecular weights less than approximately 0.4 kDa, such as
lomustine (molecular weight 0.23 kDa; LogP 2.83 [95]) and temozolomide (molecular
weight 0.19 kDa; LogP −0.66 [96]) can readily diffuse across the phospholipid bilayers of
all cell membranes, including those of the endothelial cells that line all blood capillary walls
[54–56,95,97], whereas those drugs with molecular weights greater than 0.4 kDa cannot
diffuse as readily through phospholipid bilayers, which is the case for doxorubicin
(molecular weight 0.54 kDa; LogP −0.10 [95]) (Figure 1A), vinblastine (molecular weight
0.91 kDa; LogP 1.68 [46]) and vincristine (molecular weight 0.92 kDa; LogP 2.14–2.80
[46,95]).

Cationic lipid-soluble drugs with molecular weights less than 0.2 kDa, such as
temozolomide, being charged molecules, can also pass through the aqueous pores of the
zona occludens interendothelial cell junctions to distribute into normal brain and spinal cord
parenchyma (Figure 1A). Therefore, small drugs such as temozolomide can enter normal
brain and spinal cord parenchyma interstitial spaces via both of these transcapillary routes,
and can distribute more extensively into the normal CNS [92,98]. In contrast, doxorubicin,
being a larger cationic lipid-soluble drug than temozolomide, and having a molecular weight
greater than 0.4 kDa, is too large to readily diffuse through phospholipid bilayers and unable
to diffuse through the aqueous pores of the zona occludens interendothelial cell junctions;
therefore, doxorubicin does not distribute into the normal brain and spinal cord parenchyma
interstitial spaces to any significant degree (Figure 1A) [25,95]. However, doxorubicin does
readily distribute into the interstitial spaces of several normal non-CNS tissues, including
skeletal and cardiac muscle tissues [99]. In the case of skeletal and cardiac muscle tissues,
this is attributable to the capillary walls of the non-fenestrated blood capillaries of these
tissues being lined by endothelial cells that are juxtaposed by macula occludens ‘loose’
junctional complexes, which permit the transcapillary passage of macromolecules as large as
5 nm in diameter [68,100]. These are the reasons for the clinically observed short- and long-
term CNS and non-CNS tissue and organ toxicities associated with continuous, dose-intense
and intra-arterial administration of lipid-soluble and cationic lipid-soluble small-molecule
chemotherapy drugs [101–105], which nonselectively distribute into the interstitial spaces of
both normal CNS and normal non-CNS tissues.

Lipid-soluble and cationic lipid-soluble chemotherapy drugs do not accumulate to cytotoxic
concentrations in a significant proportion of tumor cells within the solid tumor interstitium.
The primary reason for this is that lipid-soluble and cationic lipid-soluble drugs only remain
at peak concentrations in systemic blood circulation for a few minutes following bolus
administration, since these small-molecule drugs are rapidly metabolized as well as
efficiently renally cleared.

Therefore, the concentration gradient favoring a net forward diffusion of these small
molecules drugs across the capillary wall and into the solid tumor interstitial space is
transient. Since the steep concentration gradient favoring transcapillary diffusion is only
present for several minutes following the drug bolus, the net backward diffusion of drug
molecules from the tumor interstitial space into the capillary lumen begins to occur as soon
as the concentration gradient reverses, which is within a matter of minutes following the
systemic bolus administration of drug (Figure 1A & B; bidirectional arrows). The forward
concentration gradient, favoring small-molecule chemotherapy drug accumulation in the
solid tumor interstitium, can be maintained by prolonging the blood half-life of the small-
molecule drug chemotherapy, which can be increased either temporarily, via the coinfusion
of a metabolically stable bradykinin B2 receptor agonist such as labradimil (Cereport®
RMP-7) with the small drug [52,106,107], or for a more sustained duration, via continuous
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small drug infusion [101–103]. In the latter case, in addition to small drug fraction
accumulating to cytotoxic concentrations in the solid tumor interstitium, it also accumulates
to toxic concentrations in the interstitial spaces of normal healthy tissues and results in
patient morbidity and mortality [104–107].

Secondary reasons for small-molecule chemotherapy drugs not accumulating to cytotoxic
concentrations in solid tumor cells include:

• A significant proportion of the administered drug fraction being protein bound in
systemic blood circulation, which could be a secondary reason to explain why
charged lipid-soluble drugs vinblastine (molecular weight 0.91 kDa; LogP 1.68
[46]) and vincristine (molecular weight 0.92 kDa, LogP 2.14–2.80 [46,95]) do not
accumulate to therapeutic concentrations in CNS solid tumors [46];

• A significant proportion of administered drug fraction is effluxed back into
systemic circulation by P-gp and MRPs overexpressed on the endothelial cells of
CNS solid tumor blood capillaries [47], which could be a secondary reason why
drugs such as temozolomide, doxorubicin, vinblastine and vincristine do not
accumulate to therapeutic concentrations in CNS solid tumors [25,48,108];

• A significant proportion of the administered drug fraction that enters the tumor
cells of non-CNS solid tumors is effluxed back into the tumor interstitium by P-gp
and MRPs overexpressed on cell membranes of non-CNS solid tumor cells [50],
which could be another secondary reason why drugs such as doxorubicin,
vinblastine and vincristine do not accumulate to therapeutic concentrations in non-
CNS solid tumor cells [51].

Therapeutic significance of the physiologic upper limit of pore size in solid
tumor blood capillary walls

In order for systemic therapy to effectively treat solid cancers, it must remain at peak
concentration in systemic blood circulation for a sufficiently long time to accumulate to
cytotoxic concentrations within all possible individual tumor cells in the solid tumor
interstitium, which is not the case for the small molecule chemotherapy drugs in current
clinical use, which are less than 1–2 nm in diameter. Therefore, for systemic therapy to
accumulate to cytotoxic concentrations in tumor cells, the therapy must be large enough that
it is not renally cleared for several hours, which is the case for spherical lipid-insoluble
macromolecules 7 nm and larger in diameter. Since only spherical lipid-insoluble
macromolecules 7 nm and larger will accumulate to cytotoxic concentrations within
individual solid tumor cells, and only those macromolecules smaller than the upper limit of
pore size in the capillary wall of solid tumor blood capillaries will pass through the aqueous
pores in the capillary wall into the solid tumor interstitium and enter the solid tumor cells, it
is important to know what, precisely, is the physiologic upper limit of pore size in the
capillary walls of the VEGF-derived fenestrated blood capillaries of solid tumors.

The physiologic upper limit of pore size in the VEGF-derived blood capillaries of CNS solid
tumors was first reported as being approximately 12 nm in 2008, which was on the basis of a
detailed series of dynamic contrast-enhanced MRI experiments to interrogate the upper limit
of pore size in the blood capillaries of orthotopically grown RG-2 rodent gliomas, following
the intravenous infusions of various-sized Gd–diethylene triamine pentaacetic acid (DTPA)-
conjugated dendrimer nanoparticles ranging from 1.5 to 14 nm in diameter [28]. This
finding, that the upper limit of pore size in the VEGF-derived blood capillaries of CNS solid
tumors is approximately 12 nm, was then confirmed to be the case in non-CNS solid tumors
as well, specifically in ectopically grown RG-2 gliomas [58]. Based on these findings, the
physiologic upper limit of pore size in the capillary walls of the VEGF-derived fenestrated
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blood capillaries that supply solid tumors is approximately 12 nm [28,58,68]. Even though
the physiologic upper limit of pore size in the capillary walls of the overwhelming majority
of blood capillaries in any given solid tumor is expected to be approximately 12 nm, there
may be an occasional focal areas in solid tumor tissue where the three-layered ultrastructure
of the solid tumor blood capillary wall is grossly disrupted, for example, in an area where
there is microhemorrhagic transformation, in which case the upper limit of pore size would
no longer be bounded at 12 nm; however, it is emphasized that such areas of the tumor
constitute rarities. Transient modifications of the solid tumor blood capillary wall
ultrastructure during localized pharmacological- [87,109,110], hyperthermia- [72,111] and
high-dose radiotherapy-induced [112,113] include other exceptions, in which instances the
upper limit of pore size of solid tumor blood capillary microvasculature is at least
temporarily higher.

Optimal particle size range for macromolecular systemic therapies
In recent years, small-molecule lipid-soluble and cationic lipid-soluble chemotherapy drugs
have delivered systemically via incorporation into polymers, for example, by the
incorporation of drug into the aqueous interior of liposomes (liposomal doxorubicin,
diameter ∼100 nm; [114–117]), for the purposes of sustained small-molecule drug release in
systemic blood circulation. These relatively large polymeric formulations of small molecule
drugs are restricted from interacting with the capillary wall by the presence of the EGL and
the relatively narrow circumferential spacing of the individual glycocalyx fibers (Figure 1A
& B) [71]. The major drawback of this macromolecular systemic chemotherapy approach is
that small molecule drugs are released within systemic circulation (Figure 1A & B) and
then, upon release, rapidly metabolized and efficiently filtered by the kidneys, which is why
released small drug fraction does not accumulate to high concentrations within individual
tumor cells. The other drawback of this approach is, of course, the immunogenicity of
pegylated liposomal drug carriers, which results in the accelerated clearance of these
macromolecular therapies from blood circulation upon repeated administrations [118,119].

Based on our recent studies, in which we imaged the accumulation of various-sized lipid-
insoluble spherical Gd–DTPA-conjugated dendrimer nanoparticles (Gd–dendrimers) within
the solid tumor interstitium of RG-2 rodent malignant gliomas for several hours after bolus
intravenous administration with high-resolution dynamic contrast-enhanced MRI, the
optimal particle size range for the effective accumulation of systemic therapies within solid
tumor cells is between 7 and 10 nm [28,29,57,58]. The lower bounds of the optimal particle
size range is based on the observation that Gd–dendrimer nanoparticles smaller than 7 nm in
diameter are relatively efficiently cleared from blood circulation via renal filtration and do
not maintain peak concentrations over time in systemic blood circulation, which is why
these smaller particles do not distribute homogenously through the solid tumor interstitium
for sufficiently long to accumulate to high concentrations within individual tumor cells
(Figure 2A & B; Gd–generation 1 [G1] through Gd–generation 4 [G4] dendrimers) [28]. It is
noteworthy that there is a relative lack of accumulation of the lower generation Gd-
dendrimers, Gd–G1 through Gd–G4, in the tumor interstitium of the small RG-2 malignant
gliomas, which are all less than 30 mm3 in total tumor volume (Figure 2B). This is primarily
attributable to smaller RG-2 gliomas being less vascular than larger RG-2 gliomas [52].
Furthermore, since the overall porous surface area available for transcapillary exchange is
less in smaller solid tumors than larger ones, there is significantly less small-molecule drug
and MRI contrast agent (e.g., Gd–DTPA) accumulation in the solid tumor interstitium of
smaller gliomas [28,52,58,120], as well as lower-grade gliomas [78,80,120]. Based on these
observations, the primary reason that small-molecule chemotherapy drugs do not accumulate
to cytotoxic concentrations in a significant proportion of solid tumor cells in the interstitial
spaces of small and low-grade solid tumors is, in fact, short drug blood half-life [28,52].
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There is the significant accumulation of Gd–G5 and Gd–G6 dendrimer nanoparticles over
time in the tumor interstitium of larger RG-2 malignant gliomas, as well as the tumor
interstitium of the smaller RG-2 malignant gliomas, which is attributable to the fact that Gd–
G5 and Gd–G6 dendrimer nanoparticles maintain peak concentrations over several hours in
systemic blood circulation (Figure 2A & B) [28,58]. The upper bounds of the optimal
particle-size range of approximately 10 nm for effective transvascular drug delivery into the
solid tumor interstitium has been established on the basis of a couple of observations. The
first observation is that Gd–G8 dendrimer nanoparticles, being larger than 12 nm in
diameter, are too large to extravasate across the pores in the capillary walls of the VEGF-
derived blood capillaries of solid tumors, irrespective of tumor location or volume, which is
why the physiologic upper limit of pore size in solid tumor blood capillaries is
approximately 12 nm [28,58]. The second observation is that Gd–G7 dendrimer
nanoparticles, being larger than 10 nm in diameter, are too large to extravasate across the
pores in the capillary walls of the blood capillary microvasculature of some of the smaller
RG-2 malignant gliomas, which is the basis for establishing the upper bounds of the optimal
particle-size range as being approximately 10 nm (Figure 2B) [28,57].

Although the diffusion coefficients of the functionalized dendrimer nanoparticles in the
tumor interstitial spaces of orthotopic and ectopic RG-2 gliomas have not been measured,
the diffusion coefficients of endogenous globular proteins within this size range have been
measured in the tumor interstitial spaces of intracerebral U87 malignant gliomas and
subcutaneous MU89 melanomas, which are xenografted human malignant gliomas and
melanomas in mice [121]. In the case of both intracerebral gliomas and subcutaneous
melanomas, the interstitial diffusion coefficients of globular proteins within the 7–10-nm
size range are not significantly different from the free diffusion coefficients of the respective
proteins in phosphate buffered saline solution [121]. This is also likely to be the case for
functionalized dendrimer nanoparticles in the 7–10-nm size range, based on our
observations that functionalized G5 dendrimer nanoparticles (hydrodynamic diameter ∼9
nm) distribute homogenously within the solid tumor interstitium, which is apparent on
dynamic contrast-enhanced MRI in vivo (Figure 2A & B) and accumulate to high
concentrations within individual solid tumor cells, which is apparent on fluorescence
microscopy ex vivo [28,29,58]. The findings, taken together, indicate that the ultrastructural
arrangement of the collagen-rich extracellular matrix of the solid tumor interstitium is not a
significant barrier to the diffusion of spherical macromolecules in the 7–10-nm size range
and that spherical macromolecular systemic therapies in this size range can be delivered
effectively into individual solid tumor cells of CNS solid tumors as well as non-CNS solid
tumors [28,58]. These findings, however, cannot be extrapolated to the cases of
immunoglobulin- and immunoglobulin fragment-based therapies, since these
macromolecular therapies do not accumulate homogenously within the solid tumor
interstitium due to restricted diffusion through the solid tumor interstitium as a result of
high-affinity binding to extracellular matrix antigens and nonspherical particle shapes
[37,121–123].

Based on the determination that the optimal particle size for macromolecule-based systemic
therapies is 7–10 nm, in 2009, the Gd–G5 doxorubicin dendrimer nanoparticle was
developed as the prototype of a theranostic agent in the 7–10 nm size range for the
concurrent imaging and treatment of solid tumors and tested for preliminary in vivo efficacy
in the orthotopic RG-2 glioma model [29,57]. The doxorubicin is attached to approximately
8% of the terminal amines of the Gd–G5 dendrimer via acid-labile covalent linkages or
hydrazone bonds [124], as the acid lability of hydrazone bonds facilitate the release of
doxorubicin from the Gd–G5 doxorubicin dendrimer following dendrimer endocytosis into
tumor cell endolysosomal compartments, after which the released free doxorubicin diffuses
into the tumor cell nucleus and intercalates the DNA [29]. The preliminary study data of
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CNS solid tumor regression studies in the RG-2 malignant glioma model showed significant
short-term tumor regression in those animals receiving the Gd–G5 doxorubicin dendrimer
[29,57]. However, this approach will need to be refined further before it is ready for clinical
translation, as there is the introduction of cationic charge on the particle exterior following
the attachment of doxorubicin to be considered.

Issue of charge-mediated toxicity to blood capillary walls by cationic
macromolecular systemic therapies

Transient positive charge-induced toxicity to cellular membranes is the mechanism by which
cationic vectors facilitate efficient cellular transfection in vitro [125] and is the proposed
mechanism by which cell-penetrating peptides permeate cellular membranes in vivo [126–
128]. The mechanism by which cationic macromolecules and therapies permeate the
capillary walls of nonfenestrated blood capillaries that are otherwise not permeable to the
neutral or anionic forms of the same macromolecule and therapy, appears to be as follows:

• The cationic charge-mediated toxicity to the anionic fibers of the EGL, which
results in the exposure of the underlying endothelial cells;

• Cationic charge-mediated stimulation of endothelial cell phagoendocytic activity,
which is minimal at baseline as these are nonreticulo endothelial cells;

• Transcapillary release of a small fraction of the phagoendocytosed cationic
macromolecules into the basement membrane layer or pericapillary interstitial
tissue [29,68].

It appears that by this type of mechanism cationized ferritin (diameter ∼12 nm [129]) [130],
cationized immunoglobulin G (hydrodynamic diameter ∼11 nm [131]) [74], cationic drug
(doxorubicin)-conjugated Gd–G5 dendrimer (diameter ∼9 nm) [29,57], cationic dye
(rhodamine B)-conjugated Gd–G5 dendrimer (diameter ∼9 nm) [28,57] and cationic dye
(rhodamine B)-conjugated Gd–G8 dendrimer (diameter ∼13 nm) [28,57] ‘nonselectively’
permeate the capillary walls of normal brain and spinal cord parenchymal tissue blood
capillaries and extravasate into normal healthy brain and spinal cord parenchyma, when the
anionic forms of the respective macromolecules do not [28,57,58].

The EGL of the capillary walls of the VEGF-derived fenestrated blood capillaries supplying
solid tumors is thinner [61] and, therefore, increased solid tumor blood capillary
permeability is evident soon after capillary wall exposure to cationic charge. Tumor blood
capillary permeability to cationic macromolecules less than 12 nm in diameter can increase
significantly following toxicity to the glycocalyx fibers that flank the aqueous pores of the
diaphragmed fenestrae, since macromolecules less than 12 nm in diameter can pass through
the aqueous pores of the diaphragmed fenestrae of the capillary wall endothelial cells. This
is the case for the following:

• Cationized IgG compared with the native IgG (hydrodynamic diameters ∼11 nm)
[132];

• Cationic drug (doxorubicin)-conjugated Gd–G5 dendrimer compared with the
anionic Gd–G5 dendrimer (diameters ∼9 nm) [28,29,57,58];

• Cationic dye (rhodamine B)-conjugated Gd–G5 dendrimer compared with the
anionic Gd–G5 dendrimer (diameters ∼9 nm) [28,29,57,58];

• Cationized albumin compared with native albumin (diameters ∼7 nm [131])[132].

Since cationic macromolecules and therapies larger than 12 nm cannot extravasate to any
appreciable extent across the aqueous pores of diaphragmed fenestrae, the mechanism by
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which cationic macromolecules and therapies larger than 12 nm permeate the capillary walls
of solid tumor blood capillaries is thought to be similar to that by which cationic
macromolecules and therapies permeate the capillary walls of nonfenestrated blood
capillaries. This is the case for cationic dye (rhodamine B)-conjugated Gd–G8 dendrimers
(diameter ∼13 nm), which do permeate the capillary walls of solid tumor blood capillaries,
as compared with anionic Gd–G8 dendrimer (diameter ∼13 nm), which do not permeate the
capillary walls of solid tumor blood capillaries [28,29,57,58].

Larger cationic macromolecules, such as cationic liposomes (diameter ∼90 nm) and cationic
dye (rhodamine)-labeled liposomes (diameter range 100–600 nm), do not appear to
permeate blood capillary walls of normal tissue blood capillaries for several hours after
systemic infusion [72,133–137], which is in contrast to smaller cationic macromolecules that
begin to permeate blood capillary walls within minutes of infusion [28,29,57]. In the case of
blood capillaries that supply normal tissues and organs, the transcapillary permeation of
cationic liposomes is relatively sparse even at 24–48 h after infusion [134,135], which is
likely due to the existence of a full-thickness EGL layer in normal tissue blood capillary
walls, in contrast to the thinner glycocalyx layer of solid tumor blood capillary walls [61]. In
the case of solid tumor blood capillaries, however, there is evidence of cationic liposomal
and cationic dye-labeled liposomal permeation into the pericapillary interstitial space in
some cases [133,134] and, in other cases, permeation to what appears to be the level of the
basement membrane layer [135], which is attributable to the restricted diffusion of these
large cationic macromolecules through the collagen-rich fibrous lattices of the tumor
interstitium and the capillary wall basement membrane layer, respectively [85,138]. The
wide range of variability in the previously reported physiologic upper limits of pore size in
the capillary walls of different solid tumor blood capillary microvasculatures is attributable
to the fact that the physiologic upper limits of pore size in capillary walls of different solid
tumor blood capillary microvasculatures were previously determined on the basis of
intravital fluorescence microscopy of cationic dye (rhodamine)-labeled liposome
transcapillary extravasation 24–48 h after cationic nanoparticle infusion, which is sufficient
time for cationic charge-mediated toxicity to the tumor blood capillary walls and cationic
liposome permeation of tumor blood capillary walls to some extent [136].

Future perspective
VEGF induces the formation of blood capillaries with capillary walls lined by fenestrated
endothelial cells with diaphragmed fenestrae [60,139,140], with each diaphragmed fenestrae
being perforated by several aqueous pores [141,142]. In the case of VEGF-derived blood
capillaries of solid tumors [61], the aqueous pores of the endothelial cell is diaphragmed
fenestrae, permitting the transcapillary passage of macromolecules up to 12 nm in diameter,
but not larger, which is the therapeutically relevant upper limit of pore size for the effective
transvascular delivery of systemic therapies into solid tumor cells (Figures 1B & 2A)
[28,29,58].

The combination of solid tumor blood capillaries being ‘hyperpermeable’ to fluids and
macromolecules, and the solid tumor center being devoid of the initial lymphatic capillaries
and lymphatic drainage, results in the accumulation of blood plasma water and globular
proteins over time within the solid tumor interstitium and increases the interstitial fluid
pressure within the solid tumor interstitium [33,143]. This pathophysiology of the solid
tumor interstitium was noted in the 1980s as being the basis for the ‘enhanced permeation
and retention’ of systemically administered poly(styrene-comaleic acid)-neocarzinostatin
(molecular weight 16 kDa) in non-CNS solid tumors [31,143,144], which are amphiphilic
macromolecules that noncovalently bind to blood proteins such as albumin and then
extravasate, protein bound, through capillary wall pores into the solid tumor interstitium
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[145], after which the drug-bound macromolecule–protein complexes enter tumor cells via
endocytosis [146,147]. Since then, other subsequent translational efforts have been geared
towards the development of macromolecular systemic chemotherapies in the 20–130 nm
size range, such as antibody-targeted dendrimer–drug conjugates [148] and polymeric drug
carriers [73,149,150] or, alternatively, chemotherapies in the 4–5 nm size range (molecular
weights ∼40–50 kDa [28]), such as small-molecule drug-conjugated dendrimers [124,151–
154]. The main drawback of macromolecular systemic therapies in the 20–130 nm size
range is that these therapies remain intravascular and release attached, encapsulated or
noncovalently bound small molecule drugs in systemic circulation, which are rapidly
metabolized and renally cleared after release and do not accumulate to effective
concentrations in solid tumor cells. By contrast, the main drawback of systemic therapies in
the 4–5 nm size range is that these macromolecular therapies do not accumulate in the solid
tumor interstitium for sufficiently long to achieve maximally effective concentrations in all
possible tumor cells, as these therapies are still renally cleared (Figure 2A & B; Gd–G4
dendrimer).

Over the past decade much emphasis has been placed on vascular normalization of the
fenestrated phenotype of VEGF-derived solid tumor blood capillaries to reduce the ‘hyper-
permeability’ of the microvasculature in order to lower the elevated interstitial fluid pressure
of the solid tumor interstitium and promote the more homogenous distribution of
concurrently administered small-molecule chemotherapy drugs in the solid tumor
interstitium, which has previously been proposed to be the primary reason that small-
molecule chemotherapy drugs do not accumulate to cytotoxic concentrations in a significant
proportion of solid tumor cells [33]. It is notable, however, that anti-VEGF therapies only
marginally improve the effectiveness of concurrently administered small molecule
chemotherapy drugs in the clinical setting, as evidenced by the fact that solid tumor
progression only slows for a few months in most cases [42]. Anti-VEGF therapies, however,
do effectively lower the elevated solid tumor interstitial fluid pressure [39], which supports
the viewpoint that elevated interstitial fluid pressure is, in fact, not the underlying reason for
the failure of small-molecule chemotherapy drugs to accumulate to cytotoxic concentrations
within a significant proportion of solid tumor cells, but that it is the small particle size of
current systemic chemotherapies, which needs to be within the 7–10 nm range for systemic
therapies to distribute homogenously through the solid tumor interstitium and accumulate to
therapeutic concentrations within solid tumor cells, independent of tumor location being in
the CNS, or outside, in peripheral tissues [28,29,57,58].

Our recent findings demonstrate that the optimal particle size range for effective
transvascular drug delivery into solid tumor cells is between 7–10 nm, and that a particle
size difference of even a few nanometers significantly affects systemic therapy delivery into
solid tumor cells (Figure 2A & B) [28,29,57,58]. The proposed approach of employing drug-
conjugated lipid-insoluble macromolecules in the 7–10 nm size ranged for the transcapillary
delivery of covalently attached small molecule drugs into solid tumor cells is expected to
particularly effective in the treatment of solid tumors with multidrugresistant tumor cell
populations. This is due to the fact that a small-molecule drug covalently bound to a
macromolecule (e.g., Gd–G5 doxorubicin dendrimer [29,57]) is not a substrate for P-gp and
MRP small-drug efflux pumps, which are known to be overexpressed on cell membranes of
endothelial cells that line CNS solid tumor blood capillary walls [47–49] and, in the case of
non-CNS solid tumors, on the cell membranes of the tumor cells themselves [50,51].
However, it is foreseeable that, even with this approach, which indirectly addresses the
problem of small-drug efflux at levels of both the endothelial cell membrane and the tumor
cell membrane, drug-resistance issues at the intracellular and intranuclear levels will still
need to be addressed. For example, in the case of DNA-repair enzyme O6-methylguanine
methyltransferase-mediated drug resistance to DNA alkylating agents such as temozolomide

Sarin Page 11

Ther Deliv. Author manuscript; available in PMC 2011 December 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[49,155]. Furthermore, for the successful clinical translation of the proposed approach, it
will be important to ensure that the chemotherapy-functionalized lipid-insoluble particles are
within the optimal particle size range and also that the exterior of such particles remains
neutral following drug attachment, in order to minimize cationic charge-based toxicity to the
EGL layer of the capillary walls of normal tissue blood capillary microvasculatures [29,57].
It is envisioned that macromolecular systemic chemotherapies in the 7–10 nm size range
will be effective treatments for non-CNS and CNS solid cancers.
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Key Terms

Small-molecule
chemotherapy
drugs

Lipid-soluble and cationic lipid-soluble chemotherapy drugs in
current clinical use that are less than 1–2 nm in diameter; these
include the traditional chemotherapy drugs that target the cell cycle
such as DNA alkylators and antimetabolites, as well as the newer
drugs that target overexpressed cell membrane growth factor receptors
and associated downstream cell-signaling pathways, which include
tyrosine kinase and proteosome inhibitors

Interstitial fluid
pressure

Sum of the hydrostatic and oncotic fluid pressures in the solid tumor
interstitium, which are elevated in the solid tumor interstitium, being
highest in the solid tumor center due to the absence of initial
lymphatic capillaries in tumor center, and closer to normal in the
tumor tissue periphery due to the presence of initial lymphatic
capillaries in the tumor periphery

Vascular
normalization

Low-to-moderate dose anti-VEGF pathway therapy aimed at
regressing solid tumor blood capillaries as well as converting tumor
blood capillaries to a more normal, less permeable phenotype; results
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in a reduction in the elevated solid tumor interstitial fluid pressure,
which is to promote the better, more homogenous distribution of
adjuvantly administered small molecule chemotherapy drugs within
the tumor interstitium

Theranostics ‘All-in-one’-type particle to which therapeutic, imaging and/or
targeting moieties are attached for the purposes of concurrent drug
delivery, imaging of drug delivery, and targeting of specific over-
expressed cell surface receptors or downstream signaling pathways
(i.e. Gd–G5 doxorubicin dendrimer)

Endothelial
glycocalyx layer

The innermost layer of the capillary wall; a polysaccharide-rich
fibrous matrix of anionic proteoglycans and glycoproteins between
150 and 400 nm thick in the capillary walls of most normal tissue
blood capillaries, and somewhat thinner in the capillary walls of solid
tumor tissue blood capillaries; the individual fibers are arranged
hexagonally and circumferentially spaced a maximum of 20 nm apart
in the case of most normal tissue blood capillaries

Physiologic
upper limit of
pore size

Hydrodynamic diameter of the largest lipid-insoluble molecule that is
restricted from passing through the pores in the capillary wall, and as
such, constitutes the size of the molecule or macromolecule to which
the pores in the capillary wall are impermeable, which in the case of
VEGF-derived solid tumor blood capillaries is approximately 12 nm

Diaphragmed
fenestrae

The 60 to 70 nm wide diaphragmed areas of the endothelial cells
lining the capillary walls of VEGF-derived blood capillaries, which
consist of a central membranous knob with several membranous
septae radiating outward from the knob to the fenestral rim; the arc
widths of openings devoid of membranous components have been
measured to be up to 12 nm wide.
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Executive Summary

• Focal CNS tumors can be effectively treated with locoregional therapies such as
surgery and stereotactic radiotherapy; however, multiple metastatic solid tumor
lesions in the CNS and infiltrative primary CNS solid tumors are difficult to
effectively treat with these treatment modalities.

• Systemic chemotherapies in current clinical use also fail to effectively treat
multiple metastatic solid tumor lesions in the CNS and infiltrative primary CNS
solid tumors, as these chemotherapies are lipid-soluble and cationic lipid-soluble
small molecule drugs, which are rapidly metabolized as well as filtered by the
kidneys and do not accumulate to cytotoxic concentrations within the tumor
cells of small solid tumor foci.

• Low-to-moderate dose anti-VEGF anti-angiogenic therapies reduce elevated
interstitial fluid pressures in the solid tumor interstitium to promote the more
homogenous distribution of small-molecule chemotherapy drugs within the
tumor tissue interstitium through vascular normalization of the tumor blood
capillary network; however, the additional clinical benefit of these therapies, in
terms of increasing patient disease progression-free survival rates, is a only a
few additional months in most cases, which indicates that elevated tumor
interstitial fluid pressure is not the primary reason for the ineffective
accumulation of small molecule chemotherapy drugs in solid tumor cells.

• Small-molecule chemotherapy drugs do not remain at peak concentration in
blood circulation for more than a few minutes and, therefore, the steep
transcapillary concentration gradient favoring drug accumulation into the tumor
interstitium is short lived and is the primary reason for the ineffective
accumulation of small molecule chemotherapy drugs into solid tumor cells
following bolus administration.

• The continuous systemic infusion of small molecule drugs improves the
effectiveness of drug accumulation within the tumor interstitium; however,
when these small drugs are administered over prolonged periods of time, drug
fraction also distributes ‘nonselectively’ into interstitial spaces of otherwise
normal healthy tissues via transcapillary passage through capillary walls, which
results in significant treatment-associated short-term patient morbidity and long-
term cognitive deficits.

• The blood capillaries of normal CNS tissues, other than those of the choroid
plexus and the circumventricular organs, are nonfenestrated capillaries, which
are impermeable to lipid-insoluble macromolecules; whereas the blood
capillaries of all solid tumors larger than 1–2 mm3, including those of metastatic
solid tumor lesions to the CNS as well as primary CNS tumors, are VEGF-
derived fenestrated neo-angiogenic capillaries that are permeable to lipid-
insoluble macromolecules.

• The aqueous pore openings of the diaphragmed fenestrae within the endothelial
cell membranes of solid tumor blood capillaries permit the transcapillary
extravasation of spherical macromolecules up to 12 nm in diameter in the case
of solid tumors with volumes greater than 25–30 mm3, and that of
macromolecules up to 10 nm in diameter in the case of solid tumors with
volumes less than 25–30 mm3.

• Spherical particles 7 nm in diameter and larger are not cleared from blood
circulation via renal filtration and, therefore, these particles maintain peak
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concentrations over several hours in systemic blood circulation and do
accumulate in the solid tumor interstitium for a sufficiently long time to
accumulate to cytotoxic concentrations within individual solid tumor cells.

• The optimal particle-size range for spherical lipid-insoluble macromolecular
systemic chemotherapies is between 7 and 10 nm as macromolecular therapies
in this size range extravasate through the aqueous pores of the VEGF-derived
fenestrated blood capillaries of solid tumors and accumulate over time to
cytotoxic concentrations within individual solid tumor cells.

• Macromolecular systemic therapies with cationic exteriors are toxic to the
endothelial glycocalyx and endothelial cell layers of all capillary walls and
‘nonselectively’ accumulate within normal tissues and organs.

• Lipid-insoluble macromolecular systemic therapies within the 7–10-nm size
range, with a neutralized exterior, do not extravasate across the capillary walls
of normal CNS tissue blood capillaries or across the capillary walls of most
other normal non-CNS tissue blood capillaries, which are nonfenestrated blood
capillaries; therefore, macromolecular systemic therapies in this 7–10-nm size
range can accumulate ‘selectively’ to a great extent into solid tumor tissue.

• It is envisioned that optimally sized systemic therapies within the 7–10-nm size
range will accumulate to therapeutic concentrations in solid tumor cells and
effectively treat CNS and non-CNS solid cancers.

Sarin Page 23

Ther Deliv. Author manuscript; available in PMC 2011 December 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Capillary wall ultrastructures of normal brain and spinal cord parenchyma blood
capillaries and VEGF-derived solid tumor blood capillaries and transcapillary routes for
passage of small molecules and drugs and macromolecular systemic chemotherapies
(A) Normal brain and spinal cord parenchyma blood capillary and (B) VEGF-derived solid
tumor blood capillary. Capillary wall ultrastructures. Depicted are the three layers of the
capillary wall. The yellow protrusions into the capillary lumen represent individual fibers of
the polysaccharide-rich endothelial glycocalyx matrix with narrow interspacing. The bigger
protrusions in (A) reflect the thicker glycocalyx of normal CNS tissue blood capillaries. The
blue zona occludens interendothelial cell junctions between endothelial cells of normal brain
and spinal cord parenchyma blood capillaries depict the intact functional interendothelial
junctions of these blood capillaries, whereas the purple zona occludens interendothelial cell
junctions of solid tumor tissue blood capillaries depict the disrupted dysfunctional
interendothelial junctions of these blood capillaries. The small red domes represent the
central membranous knobs of the diaphragmed fenestrae of the fenestrated endothelial cells
of the VEGF-derived solid tumor blood capillaries. The pore openings of the diaphragmed
fenestrae are wide enough to allow for the transcapillary passage of lipid-insoluble and
cationic lipid-soluble molecules up to approximately 12 nm in diameter. The orange layer
encircling the exterior of the endothelial cell lining layer depicts the collagenous lattice of
the basement membrane layer. The basement membrane layers of both blood capillary types
are depicted as being ultrastructurely similar, since the basement membranes of both blood
capillary types are functionally intact. Transcapillary routes for passage of small molecules
and drugs and macromolecular systemic chemotherapies. The small blue dots in the
capillary lumens and the tissue interstitial spaces represent lipid-insoluble small molecules
with molecular weights less than 0.2 kDa (e.g., electrolytes and nonelectrolytes), which can
pass through the intact functional zona occludens interendothelial cell junctions of normal
brain and spinal cord parenchyma blood capillaries and distribute into normal brain and
spinal cord parenchyma interstitium during the time-period when the transcapillary
concentration gradient is favoring forward diffusion from the capillary lumen into the tissue
interstitium. The small green dots represent lipid-soluble molecule chemotherapy drugs with
molecular weight less than 0.4 KDa (e.g., lomustine, 0.24 kDa), which can readily diffuse
across the phospholipid bilayers of endothelial cell membranes and distribute nonselectively
into normal healthy tissues, including normal brain and spinal cord parenchyma (shown),
again, during the time-period when the transcapillary concentration gradient is favoring
forward diffusion from the capillary lumen into the tissue interstitium. The small dots with a
green exterior and blue interior represent charged cationic lipid-soluble small-molecule
chemotherapy drugs of molecular weights greater than 0.4 kDa (e.g., doxorubicin, 0.54
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kDa). Some are shown to be still encapsulated within the aqueous interior of a liposome,
which is a large polymeric drug carrier for the purposes of sustained drug release, and
remains within the capillary lumen, in the cases of both normal brain and spinal cord
parenchyma and solid tumor blood capillaries. Those on the outside of the liposome
represent the drug molecules that have diffused out of the liposome. Such free cationic lipid-
soluble small drugs in the capillary lumen, although charged, cannot diffuse across the intact
zona occludens interendothelial cell junctions of the capillary wall of normal brain and
spinal cord parenchyma blood capillaries into normal brain and spinal cord parenchyma
interstitium, which restrict the transcapillary passage of such charged drugs with molecular
weights greater than 0.2 kDa. Such free cationic lipid-soluble small drugs in the capillary
lumen, although lipid-soluble, also do not diffuse readily across the phospholipid bilayers of
endothelial cell membranes, which restrict the transcapillary passage of such lipid-soluble
small drugs with molecular weights greater than 0.4 kDa. The large structures containing
multiple small dots represent anionic lipid-insoluble polymeric carriers less than 12 nm in
diameter with cationic lipid-soluble small molecule drugs attached to the exterior via
hydrazone covalent linkages (e.g., imageable dendrimer nanoparticles, with doxorubicin
molecules covalently linked to surface groups via hydrolysable linkages, with diameters
between 7 and 10 nm). Such lipid-insoluble polymeric drug carriers, with a neutralized
exterior, upon systemic bolus administration, remain within the capillary lumens of normal
brain and spinal cord parenchyma blood capillaries, but pass through the pore openings of
the diaphragmed fenestrae of solid tumor blood capillaries and ‘selectively’ and
‘homogenously’ accumulate in the solid tumor tissue interstitium over time, delivering
cytotoxic concentrations of chemotherapy drug into individual tumor cells.
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Figure 2. T1-weighted dynamic contrast-enhanced MRI-based Gd concentration maps of Gd–
dendrimer distribution over time within larger and smaller orthotopic RG-2 rodent malignant
gliomas
(A) Larger RG-2 gliomas; The volume, in mm3, for each large orthotopic RG-2 glioma: Gd–
G1, 104; Gd–G2, 94; Gd–G3, 94; LC Gd–G4, 162; standard Gd–G4, 200; Gd–G5, 230; Gd–
G6, 201; Gd–G7, 170; and Gd–G8, 289. (B) Smaller RG-2 gliomas; The volume, in mm3,
for each small orthotopic RG-2 glioma: Gd–G1, 27; Gd–G2, 28; Gd–G3, 19; LC Gd–G4,
24; standard Gd–G4, 17; Gd–G5, 18; Gd–G6, 22; Gd–G7, 24; and Gd–G8, 107. Respective
Gd-dendrimer generations administered intravenously over 1 min at a Gd dose of 0.09 mmol
Gd/kg animal body weight. Scale from 0 mM [Gd] to 0.1 mM [Gd].
G: Generation; LC: Lowly conjugated.
Adapted with permission from [28].
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