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Introduction
Tumor anatomy can be described using a three compartment model 

including the tumor vasculature, the interstitial space and the actual 
neoplastic cells [1]. For any systemically administered anti-neoplastic 
chemotherapeutic to have clinical efficacy it must first circulate 
through the systemic vasculature, exit from the intratumoral vascular 
space, traverse the interstitium and enter or effect the neoplastic cell 
in large enough quantities to have efficacy. At each of these steps there 
are barriers, related to tumor anatomy and physiology, which hinder 
delivery of the drug throughout the entire tumor [2-4]. Poor efficacy 
of promising therapeutics may be attributable to these barriers. A 
multitude of promising strategies have been described to circumvent 
these barriers including targeted therapeutics and intratumoral delivery. 
These exploratory approaches, in various stages of development, may 
likely supplant current systemic chemotherapeutic administration. 
While theoretically efficacious, no approach is broadly validated or 
accepted at this early stage of a probable paradigm shift.

Barriers to the Delivery of Anti-Neoplastic Therapeutics
Vasculature

First pass clearance, by the reticuloendothelial system, spleen 
and liver, is the initial barrier to intratumoral accumulation of a 
systemically delivered agent. Once at the tumor vasculature, movement 
of therapeutics through the vasculature is governed by vascular 
morphology (number, length, diameter, arrangement) and physiology 
(perfusion, permeability). Tumor vessels are dilated, saccular, tortuous, 
and heterogeneous in their spatial distribution [5]. The imbalance 
of vascular development and tumor cell proliferation results in the 
formation of hypovascular regions in tumors. The micro vascular 
density is high at the invasive edge, but the tumor center can be 
unperfused, preventing delivery of therapeutics. Tumor blood flow 
is unevenly distributed, fluctuates with time and can even reverse its 
direction. Therefore, regions with little or no perfusion are commonly 
seen [2,3,5]. The average RBC velocity can be an order of magnitude 
lower than in normal vessels. The viscosity of blood, within the tumor 
vasculature, is elevated due to low flow, RBC rigidity and clumping, 
intravascular tumor cells, and low pressure in tumor venules [5]. 

Tumor vessel wall structure is also abnormal [6]. Large inter-
endothelial junctions, increased fenestrations, vesicles, vesico-vacuolar 
channels, and a lack of normal basement membrane are often found in 
tumor vessels [7-9] resulting in relative hyper permeability. However, 
there is known spatial and temporal heterogeneity in tumor vascular 
permeability [10]. The size of vascular pores determines the size of 
particles that may extravasate through them [7,10,11].

Polyethylene glycol coating improves stability and protects the 
therapeutic from proteolytic digestion by the reticular endothelial 
system, resulting in increased circulating time. The use of polyethylene 
glycolated liposomal doxorubicin has been successful in clinical 
settings [12]. Anti-angiogenic agents such as Bevacizumab and 
Sorafenib may normalize tumor vessels and decrease tumor IFP [13-

15] restoring pressure gradients and thus, increasing drug penetration
in tumors [14,16]. Several physical (e.g. radiation, heat) and chemical 
(e.g. vasoactive drugs) agents may lead to an increase in tumor blood 
flow [17,18]. A key problem with this approach is that it is short-
lived and applies to well vascularized regions. Regions of sub-lethal 
hyperthermia, following radiofrequency ablation, have increased 
vascular permeability shown to augment delivery of liposomal 
doxorubicin [19]. Vascular endothelial Growth Factor has been used to 
augment transvasular transport [11].

Interstitial space
The tumor interstitial space is large. High interstitial fluid pressure 

(IFP) results from hyperpermeable vessels and the lack of functioning 
lymphatics in tumors [1,20,21]. Proliferating tumor cells, in a confined 
space, compresses intra-tumoral lymphatic vessels [21,22]. Elevated 
IFP reduces convective transport, while the dense extracellular matrix 
hinders diffusion [1,21,22]. Radially outward convection to the tumor 
periphery and peri-tumoral space opposes the inward diffusion 
reducing therapeutic delivery to the center of the tumor. Uniformly 
reduced trans-mural pressure gradients decrease convection across 
tumor vessel walls. Furthermore, fluid convection is negligible inside 
tumors due to the lack of interstitial pressure gradients. Thus, the 
uniformly elevated IFP compromises the delivery of therapeutic agents 
both across the blood vessel wall and interstitum in tumors [2,4,5]. 

Larger therapeutics such as antibodies or nanoparticles are suitable 
for passive targeting by the enhanced permeability and retention 
effect (EPR), extravasating through hyperpermeable vessels and not 
being cleared by lymphatics [23] but have poor diffusion resulting in 
accumulation around tumor blood vessels and little penetration into 
the tumor parenchyma [24]. The tumor interstitium can be modified. 
Matrix metalloproteinases (MMP) can degrade all components of the 
ECM. MMP-1 and -8 have been shown to improve convective transport 
in tumors and enhance the efficacy of oncolytic herpes simplex virus 
(HSV) therapy [25]. In addition, Hyperthermia has been shown to 
decrease IFP in a time dependent manner [26].

Neoplastic cells
Once at the tumor cell, therapeutic agents must cross the cellular 

*Corresponding author: Wayne L. Monsky, Department of Radiology, Division of 
Interventional Radiology, University of Washington Medical Center, 1959 Pacific 
Ave NE Seattle, WA 98195, USA, Box 357115, Tel: 206-598-1454; Fax: 206-598-
6406; E-mail: wmonsky@u.washington.edu

Received February 04, 2012; Accepted February 04, 2012; Published February 
10, 2012

Citation: Monsky WL (2012) Circumventing Anatomic and Physiologic 
Barriers to the Intratumoral Delivery of Therapeutics. Anatom Physiol 2:e114. 
doi:10.4172/2161-0940.1000e114

Copyright: © 2011 Monsky WL. This is an open-access article distributed under 
the terms of the Creative Commons Attribution License, which permits unrestricted 
use, distribution, and reproduction in any medium, provided the original author and 
source are credited.

Circumventing Anatomic and Physiologic Barriers to the
Intratumoral Delivery of Therapeutics
Wayne L. Monsky*
Department of Radiology, Division of Interventional Radiology, University of Washington Medical Center, 1959 Pacific Ave NE Seattle, WA 98195, USA, Box 357115

Anatomy & Physiology: Current
ResearchAn

at
om

y
&

Ph
ysiology: Current Research

ISSN: 2161-0940



Citation: Monsky WL (2012) Circumventing Anatomic and Physiologic Barriers to the Intratumoral Delivery of Therapeutics. Anatom Physiol 
2:e114. doi:10.4172/2161-0940.1000e114

Page 2 of 3

Volume 2 • Issue 2 • 1000e114
Anatom Physiol
ISSN:2161-0940 Physiol, an open access journal 

or nuclear membranes. Multidrug-resistant pumps may clear the 
therapeutic from the cell. Sublethal hyperthermia has been suggested 
to deactivate these pumps and destabilize membranes [19,27]. The 
tumor microenvironment is characterized by low pH and low pO2. 
Hypoxia is associated with resistance to some chemotherapeutics such 
as bleomycin and neocarzinostatin [28]. Likewise acidic extracellular 
pH hinders the cellular uptake of weak base drugs such as adriamycin, 
doxorubicin and mitoxantrone [29]. Moreover, exposure of the cancer 
cells to sublethal concentration of a therapeutic agent may facilitate the 
development of resistance. 

Targeted therapeutics and intratumoral delivery
More than 100 years Ehrlich recognized that targeted or localized 

drug delivery should be a major goal of chemotherapy [30]. Recent 
strategies to overcome these barriers include the development of active 
targeting of anti-neoplastic agents, to tumor vasculature or neoplastic 
cells, using ligands or antibodys and the imaging guided delivery of the 
therapeutics directly into the tumor or its arterial vasculature. These 
strategies are paramount to the development of multi-functional nano 
particles [31].

Recent common interest in molecular imaging and therapy 
among interventional radiologists has led to the establishment of 
“interventional molecular imaging”. Imaging guidance is used to reach 
deep-seated targets, precisely delivering nontargeted therapeutics thus 
enhancing the efficacy [32,33].

There is great potential for the use of imaging-based guidance to 
augment delivery by circumventing these barriers. Minimally invasive, 
imaging-guided percutaneous- intratumoral or catheter-directed intra-
arterial delivery of therapeutics is suggested to improve delivery and 
reduce toxicity.

Intratumoral percutaneous infusion and gel or wafer implantation 
has been used to deliver a number of therapeutics [34,35]. Percutaneous 
delivery of therapeutics may be performed with Ultrasound (US), CT-, 
or MR imaging–based guidance [36]. Imaging-guided percutaneous 
delivery of cisplatin, paclitaxel, and gadolinium, as a radiation sensitizer, 
has been investigated [37]. Greater homogeneity of intratumoral 
distribution of a therapeutic may be possible when not dependent on 
microvascular distribution, perfusion, and permeability. Catheter-
directed intra-arterial chemoembolization, bland embolization, and the 
use of drug-eluding beads are also well-established methods of localized 
intratumoral delivery [38]. The resurgent use of balloon catheters [39] 
and intra-arterial infusion [40] to deliver large boluses are examples of 
the progression of this strategy. A number of clinical studies have been 
performed investigating the use of intra arterial catheter-directed nano-
particle therapy such as with Abraxane (Celgene) nanotherapeutics 
for head and neck and anal tumors [41]. Less-invasive strategies of 
imaging-guided localized delivery are being developed. US-assisted 
delivery has been described for liposomal carriers, polymeric micelles, 
and nanobubbles. US energy may drive such agents against the vessel 
wall, through cell membranes, and into tumor cells [42]. Magnetic 
and radiofrequency-based targeting have also been used to improve 
intratumoral accumulation of circulating therapeutics [43].

References
1.	 Jain RK (1987) Transport of molecules in the tumor interstitium: a review. 

Cancer Res 47: 3039-3051.

2.	 Jain RK (1999) Transport of molecules, particles and cells in solid tumors. Annu 
Rev Biomed Eng 1: 241-263.

3.	 Jain RK (2008) Taming vessels to treat cancer. Sci Am 298: 56-63.

4.	 Jain RK (1990) Physiological barriers to delivery of monoclonal antibodies and 
other macromolecules in tumors. Cancer Res 50: 814s-819s.

5.	  Jain RK (1988) Determinants of tumor blood flow: a review. Cancer Res 48: 
2641-2658.

6.	 Chang YS, di Tomoso E, McDonald DM, Jones R, Jain RK, et al. (2000) Blood 
vessels in tumors: frequency of cancer cells in contact with flowing blood. Proc 
Natl Acad Sci USA 26: 14608-14613.

7.	 Hobbs SK, Monsky WL, Yuan F, Roberts WG, Griffith L, et al. (1998) 
Regulation of transport pathways in tumor vessels: role of tumor type and 
microenvironment. Proc Natl Acad Sci USA 95: 4607-4612.

8.	 Kohn S, Nagy JA, Dvorak HF, Dvorak AM (1992) Pathways of macromolecular 
tracer transport across venules and small veins. Structural basis for the 
hyperpermeability of tumor blood vessels. Lab Invest 67: 596-607.

9.	 Yuan F, Dellian M, Fukumura D, Leunig M, Berk DA, et al. (1995) Vascular 
permeability in a human tumor xenograft: molecular size dependence and 
cutoff size. Cancer Res 55: 3752-3756.

10.	 Jain RK (1991) Haemodynamic and transport barriers to the treatment of solid 
tumors. Int J Radiat Biol 60: 85-100. 

11.	Monsky WL, Fukumura D, Gohongi T, Ancukiewcz M, Weich HA, et al. (1999) 
Augmentation of transvascular transport of macromolecules and nanoparticles 
in tumors using vascular endothelial growth factor. Cancer Res 59: 4129-4135.

12.	 Thigpen JT, Aghajanian CA, Alberts DS, Campos SM, Gordon AN, et al. (2005) 
Role of pegylated liposomal doxorubibin in ovarian cancer. Gynecol Oncol 96: 
10-18.

13.	Huber PE, Bischof M, Jenne J, Heiland S, Peschke P, et al. (2005) Cancer 
treatment: beneficial effects of combined antiangiogenesis, radiation, and 
chemotherapy. Cancer Res 65: 3643-3655.

14.	Tong RT, Boucher Y, Kozin SV, Winkler F, Hicklin DJ, et al. (2004) Vascular 
normalization by vascular endothelial growth factor receptor 2 blockade induces 
a pressure gradient across the vasculature and improves drug penetration in 
tumors. Cancer Res 64: 3731-3736.

15.	Jain RK, Tong RT, Munn LL (2007) Effect of vascular normalization by 
antiangiogenic therapy on interstitial hypertension, peritumor edema and 
lymphatic metastasis: insights from a mathematical model. Cancer Res 67: 
2729-2735.

16.	Wildiers H, Guetens G, De Boeck G, Verbeken E, Landuyt B, et al. (2003) Effect 
of antivascular endothelial growth factor treatment on the intratumoral uptake of 
CPT-11. Br J Cancer 88: 1979-1986.

17.	Jain RK, Ward-Hartley KA (1984) Tumor blood flow: charaterization 
modifications, and role in hyperthermia. IEEE Trans 31: 504-526. 

18.	Jain RK (1987) Tumor blood flow response to heat and pharmacological 
agents. In: Fielden EM, Fowler JF, Hendry JH, and Scott D (eds.), Radiation 
Research (Proc. 8th ICRR). London: Taylor and Francis, UK.

19.	Monsky WL, Kruskal JB, Lukyanov AN, Girnun GD, Ahmed M, et al. (2002) 
Radio-frequency ablation increases intratumoral liposomal doxorubicin 
accumulation in a rat breast tumor model. Radiology 224: 823-829. 

20.	Baxter LT, Jain RK (1989) Transport of fluid and macromolecules in tumors. I. 
Role of interstitial pressure and convection. Microvasc Res 37: 77-104.

21.	Padera TP, Stoll BR, Tooredman JB, Capen D, di Tomaso E, et al. (2004) 
Pathology: cancer cells compress intratumour vessels. Nature 427: 695.

22.	Fukumura D, Jain RK (2007) Tumor microenvironment abnormalities: causes, 
consequences, and strategies to normalize. J Cell Biochem 101: 937-949.

23.	Maeda H (2010) Tumor-selective delivery of macromolecular drugs via the EPR 
effect: background and future prospects. Bioconjug Chem 21: 797-802.

24.	Arias JL (2011) Drug targeting strategies in cancer treatment: an overview. Mini 
Rev Med Chem 11: 1-17.

25.	Mok W, Boucher Y, Jain RK (2007) Matrix metalloproteinases-1 and -8 improve 
the distribution and efficacy of an oncolytic virus. Cancer Res 67: 10664-10668.

26.	Leunig M, Goetz AE, Dellian M, Zetterer G, Gamarra F, et al. (1992) Interstitial 
fluid pressure in solid tumors following hyperthermia: possible correlation with 
therapeutic response. Cancer Res 52: 487-490.

27.	Merlin JL, Marchal S, Ramacci C, Notter D, Vigneron C (1993) Reversal of 
multidrug resistance by thermosensitive liposome-encapsulated doxorubicin 

http://cancerres.aacrjournals.org/content/47/12/3039.short
http://www.annualreviews.org/doi/abs/10.1146/annurev.bioeng.1.1.241?journalCode=bioeng
http://www.ncbi.nlm.nih.gov/pubmed/18225696
http://cancerres.aacrjournals.org/content/50/3_Supplement/814s.short
http://cancerres.aacrjournals.org/content/48/10/2641.short
http://www.ncbi.nlm.nih.gov/pubmed/11121063
http://www.ncbi.nlm.nih.gov/pubmed/9539785
http://www.ncbi.nlm.nih.gov/pubmed/1279271
http://www.ncbi.nlm.nih.gov/pubmed/7641188
http://ukpmc.ac.uk/abstract/MED/1678003
http://cancerres.aacrjournals.org/content/59/16/4129.short
http://www.sciencedirect.com/science/article/pii/S0090825804008030
http://cancerres.aacrjournals.org/content/65/9/3643.short
http://cancerres.aacrjournals.org/content/64/11/3731.short
http://cancerres.aacrjournals.org/content/67/6/2729.short
http://www.nature.com/bjc/journal/v88/n12/abs/6601005a.html
http://md1.csa.com/partners/viewrecord.php?requester=gs&collection=TRD&recid=0935002EA&q=Tumor+blood+flow%3A+charaterization+modifications%2C+and+role+in+hyperthermia.&uid=790622287&setcookie=yes
http://radiology.rsna.org/content/224/3/823.short
http://www.sciencedirect.com/science/article/pii/0026286289900745
http://www.nature.com/nature/journal/v427/n6976/full/427695a.html
http://onlinelibrary.wiley.com/doi/10.1002/jcb.21187/full
http://pubs.acs.org/doi/abs/10.1021/bc100070g
http://www.ingentaconnect.com/content/ben/mrmc/2011/00000011/00000001/art00001
http://www.ncbi.nlm.nih.gov/pubmed/18006807
http://www.ncbi.nlm.nih.gov/pubmed/1728421


Citation: Monsky WL (2012) Circumventing Anatomic and Physiologic Barriers to the Intratumoral Delivery of Therapeutics. Anatom Physiol 
2:e114. doi:10.4172/2161-0940.1000e114

Page 3 of 3

Volume 2 • Issue 2 • 1000e114
Anatom Physiol
ISSN:2161-0940 Physiol, an open access journal 

combined with hyperthermia (abstr). Proceedings of the Annual Meeting of the 
American Association of Cancer Research A1901, USA.

28.	Brown JM (1999) The hypoxic cell: a target for selective cancer therapy--
eighteenth Bruce F. Cain Memorial Award lecture. Cancer Res 59: 5863-5870.

29.	Vukovic V, Tannock IF (1997) Influence of low pH on cytotoxicity of paclitaxel, 
mitoxantrone and topotecan. Br J Cancer 75: 1167-1172.

30.	Goldberg EP, Hadba AR, Almond BA, Marotta JS (2002) Intratumoral cancer 
chemotherapy and immunotherapy: opportunities for nonsystemic preoperative 
drug delivery. J Pharm Pharmacol 54: 159-180.

31.	Monsky WL, Vien DS, Link DP (2011) Nanotechnology development and 
utilization: a primer for diagnostic and interventional radiologists. Radiographics 
31: 1449-1462.

32.	 Yang X (2010) Interventional molecular imaging. Radiology 254: 651-654.

33.	 Goldberg EP, Hadba AR, Almond BA, Marotta JS (2002) Intratumoral cancer 
chemotherapy and immunotherapy: opportunities for nonsystemic preoperative 
drug delivery. J Pharm Pharmacol 54: 159-180.

34.	Hammoud DA, Belden CJ, Ho AC, Dal Pan GJ, Herskovits EH, et al. (2003) The 
surgical bed after BCNU polymer wafer placement for recurrent glioma: serial 
assessment on CT and MR imaging. AJR Am J Roentgenol 180: 1469-1475.

35.	Glage S, Lewis AL, Mertens P, Baltes S, Geigle P, et al. (2012) Evaluation of 
biocompatibility and anti-glioma efficacy of doxorubicin and irinotecan drug-
eluting bead suspensions in alginate. Clin Transl Oncol 14: 50-59.

36.	Seibel RM, Melzer A, Schmidt A, Plabetamann J (1997) Computed tomography- 

and magnetic resonance imaging: guided microtherapy. Semin Laparosc Surg 
4: 61-73.

37.	Li X, Li R, Qian X, Ding Y, Tu Y, et al. (2008) Superior antitumor efficiency of 
cisplatin-loaded nanoparticles by intratumoral delivery with decreased tumor 
metabolism rate. Eur J Pharm Biopharm 70: 726-734.

38.	Liapi E, Geschwind JF (2010) Intra-arterial therapies for hepatocellular 
carcinoma: where do we stand? Ann Surg Oncol 17: 1234-1246.

39.	Riina HA, Knopman J, Greenfield JP, Fralin S, Gobin YP, et al. (2010) Balloon-
assisted superselective intra-arterial cerebral infusion of bevacizumab for 
malignant brainstem glioma. A technical note. Interv Neuroradiol 16: 71-76.

40.	House MG, Kemeny NE, Gönen M, Fong Y, Allen PJ, et al. (2011) Comparison 
of adjuvant systemic chemotherapy with or without hepatic arterial infusional 
chemotherapy after hepatic resection for metastatic colorectal cancer. Ann 
Surg 254: 851-856.

41.	Damascelli B, Cantù G, Mattavelli F, Tamplenizza P, Bidoli P, et al. (2001) 
Intraarterial chemotherapy with polyoxyethylated castor oil free paclitaxel, 
incorporated in albumin nanoparticles (ABI-007): Phase II study of patients with 
squamous cell carcinoma of the head and neck and anal canal: preliminary 
evidence of clinical activity. Cancer 92: 2592-2602.

42.	Rapoport N, Gao Z, Kennedy A (2007) Multifunctional nanoparticles for 
combining ultrasonic tumor imaging and targeted chemotherapy. J Natl Cancer 
Inst 99: 1095-1106.

43.	Cole AJ, David AE, Wang J, Galbán CJ, Yang VC (2011) Magnetic brain tumor 
targeting and biodistribution of long-circulating PEG- modified, cross-linked 
starch-coated iron oxide nanoparticles. Biomaterials 32: 6291-6301.

http://www.ncbi.nlm.nih.gov/pubmed/10606224
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2222779/
http://onlinelibrary.wiley.com/doi/10.1211/0022357021778268/abstract
http://radiographics.highwire.org/content/31/5/1449.short
http://radiology.rsna.org/content/254/3/651.short
http://www.ncbi.nlm.nih.gov/pubmed/11848280
http://www.ncbi.nlm.nih.gov/pubmed/12704070
http://www.ncbi.nlm.nih.gov/pubmed/22262719
http://www.ncbi.nlm.nih.gov/pubmed/10401142
http://www.ncbi.nlm.nih.gov/pubmed/10401142
http://www.ncbi.nlm.nih.gov/pubmed/18634874
http://www.ncbi.nlm.nih.gov/pubmed/20405328
http://www.ncbi.nlm.nih.gov/pubmed/20377982
http://www.ncbi.nlm.nih.gov/pubmed/21975318
http://www.ncbi.nlm.nih.gov/pubmed/11745194
http://www.ncbi.nlm.nih.gov/pubmed/17623798
http://www.ncbi.nlm.nih.gov/pubmed/21684593

	Title
	Corresponding author
	Introduction
	Barriers to the Delivery of Anti-Neoplastic Therapeutics
	Vasculature
	Interstitial space
	Neoplastic cells
	Targeted therapeutics and intratumoral delivery

	References



